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SUMMARY

This report documents the design of three and rig testing of two ]ow-NOx
combustors resulting from DOE/NASA Contract DEN3-148, l'Low-NOX Heavy Fuel
Combustor Concept Program." The objective of this program was to demonstrate
in combustor rig hardware combustors which could operate at DDA Model 570-K
engine conditions on middle distillate, residual, and synthetic fuels having a
high percentage of fuel bound nitrogen, and achieve exhaust emission goals
equal to or less than a 20 SAE smoke number and the maximum NOx concentra-
tions allowed by the EPA for industrial gas turbine engines. The NOX goal

for the middle distillate fuel was 50% of the maximum EPA NOX level.

One of the combustor concepts was an air-staged combustor having a rich pri-
mary stage followed by a quick-quench mixer which diluted the fuel rich pri-
mary products for introduction to a fuel lTean stage for final consumption of
the fuel. The intent of this rich/quench/lean (RQL) combustor concept is to
handle high viscosity fuel (residual) that may have high (greater than 0.5% by
weight) fuel bound nitrogen (FBN) in a manner that suppresses the formation of
NOX emissions from both FBN and thermal (high temperature) sources.

The second combustor concept was designed as a fuel vaporizing addition
between the RQL combustor fuel nozzle and rich zone. The vaporization section
consisted of a preburner to supply adequate heat and a vaporizing section to
completely vaporize the fuel. Beyond this point the combustor was the RQL
combustor.

The third combustor was intended for use with fuels not having high levels of
FBN. This concept was aimed at preventing thermally generated NOx by uti-
lizing a lean primary zone and a lean secondary zone, or a lean/lean (LL) com-
bustor.

After a development test period to reduce air leakage to the rich primary
zone, improve the rich primary zone cooling for better durability, and balance
the fuel nozzle patternization, a series of performance tests was conducted on
the RQL and LL combustors, and a series of parametric tests was conducted on
the RQL combustor. Minimal time was spent on the LL combustor, as this type



combustor has successfully operated at DDA in the past. The new technology
RQL combustor consumed the majority of the effort.

The RQL combustor demonstrated consistently low NOx emissions (less than 55
ppmv corrected to 15% 02) from all three fuels. These levels met or ex-
ceeded the contract goals of N0X levels for minimum and maximum FBN fuels.

The smoke goal of 20 SAE smoke number was easily met with measured smoke below
10. These minimum emissions were achieved at rich-zone equivalence ratios in
the range of 1.25 to 1.40.

Parametric testing of the RQL combustor showed that the RQL combustor was es-
sentially insensitive to the level of FBN at the minimum NOx level of rich-
zone equivalence ratio. N0X variations with lean-zone equivalence ratio,
rich-zone residence time, and overall combustor pressure drop were all docu-
mented. Exhaust smoke was consistently below an SAE smoke number of 20 at all
conditions tested. The exhaust carbon monoxide and unburned hydrocarbon emis-
sions were below 25 ppm by volume. Maximum combustor wall temperatures oc-
curred in the fuel rich primary zone. The maximum measured metal temperatures
were 1015 K (1621°F), 1170 K (1644°F), and 1110 K (1541°F) for middle distil-
late, residual, and synthetic fuels, respectively.



I. INTRODUCTION

Detroit Diesel Allison (DDA) is among five gas turbine engine manufacturers
participating in the Department of Energy (DOE)/NASA Lewis Research Center
(LeRC) “Low NOx Heavy Fuel Combustor Concept Program" (Ref. 1). This
combustor development program is part of the DOE/LeRC "Advanced Conversion
Technology Project" (ACT).

At DDA, the objective of this technology generation program was to evolve a
combustion technology base for a potentially durable, fuel-flexible combustor
based on the operating conditions of the Allison Model 570-K, 4770 kW (6400
shp) industrial gas turbine engine. This combustor must be capable of sus-
tained, environmentally acceptable "dry" operation on minimally processed
heavy petroleum residuals, synthetic coal-derived liquids, and petroleum dis-
tillate fuels. From a fuel flexibility viewpoint, the advanced combustion
technology developed under this DOE/LeRC program is essential to the future
industrial engine market. Declines and uncertainties in the availability of
petroleum distillate fuel and increasing demands for natural gas coupled with
continually rising cost lead one to conclude that in the future industrial gas
turbine users will require multifuel capability. Uninterrupted operation will
be preserved as a result of fuel flexibility.

Fuels such as petroleum residuals or "synthetics" are most 1ikely to become
prominent for the utility and industrial user. Generally, these fuels have
significant levels of bound nitrogen (FBN). In developing a fuel-flexible
industrial engine combustion system the control of NOx emissions from this
pollutant source is a major challenge for the engine manufacturer. Conse-
quently, significant technological advances from contemporary combustion sys-
tems are essential in order to operate gas turbine engines in an environ-
mentally acceptable manner when using these fuels.

Because of general air pollution problems within the United States, the ex-
haust emissions from all fuel burning devices have been or are planned to be
regulated by both Federal and State governments. Recently enacted Federal New
Source Performance Standards (NSPS) regulations for stationary gas turbine
engines (Ref. 2) specify pollutant emission concentration levels, which are
below the current applied technology.



Pollutant emissions produced by gas turbines using petroleum distillate fuels
are carbon monoxide (CO) and unburned hydrocarbons (UHC) at low power condi-
tions, and oxides of nitrogen (thermal NOX) at high power conditions.

Reductions of CO and UHC in contemporary combustors can be achieved by rela-
tively straightforward approaches (Ref. 3,4). However, these approaches are
subject to tradeoffs in operating range capabilities, combustion system com-
plexities and control of thermal NOX. The reduction of thermal NOX is not

as straightforward because the most favorable conditions for minimum NOx are
in opposition to combustion stability, production of CO and UHC, and operating
range. Control of NOX from FBN is less understood, but exploratory research
(Ref. 5) indicates control can be effected through a rich (excess fuel) com-
bustion process. The flexibility to operate with nonstandardized fuels pre-
sents performance problems apart from emissions. High viscosity makes atomi-
zation, vaporization, and distribution difficult tasks, thus necessitating
innovative fuel injector design and development. Distillation variations,
including the high distillation temperatures for residual fuel, require spe-
cial consideration as related to combustor sizing. Reduced hydrogen content
or high aromatics, especially for synthetics, presents a problem in the area
of liner durability due to high radiation loads. In essence, all facets of
combustor design and development require careful review and advancements when
multifuel capability is the goal.

The DDA design rationale for multifuel capability is to inhibit NOX forma-
tion from FBN in a rich burning zone and quickly and uniformly quench the
exiting hot products so that a minimum of thermal NOx will be formed in the
final lean reaction zone. To accomplish this, a unique staged-air combustor
has been developed. This combustor is referred to as the RQL combustor, sig-
nifying an initial rich-burning zone followed by a quench zone and a lean re-
action and dilution zone.

Development of this combustor consisted of design, fabrication, and test over
the engine operating range with three distinctively different fuels. This
report contains all phases of this development effort including design cri-
teria, test results, and conclusions relating to future engine application of
this technology.



IT. COMBUSTOR DESIGNS

Present diffusion flame combustors operating on aviation quality petroleum
distillates (JP-4, JP-5, Jet-A, etc.) or industrial quality fuels (DF-1, DF-2,
kerosene, etc.) produce significant levels of thermal NOX due to the high
temperatures created in regions having sufficient concentrations of fuel and
atmospheric nitrogen (N2) and oxygen (02). Reducing this thermal NOx
pollutant by controlling or reducing the reaction temperature is detrimental
to operating range performance, combustion stability, and combustion effi-
ciency (increased levels of CO and UHC).

As petroleum reserves dwindle, it is likely that utilities and industry will
be required to operate on minimally processed petroleum residuals and/or syn-
thetic fuels derived from coal or shale. These fuels contain, among other
Jimpurities, nitrogen-bearing compounds collectively called fuel bound nitrogen
(FBN). At this time, the suppression mechanism of N0x formation resulting
from the combustion of fuels having significant FBN levels is not well under-
stood, but indications are that NOx suppression can be achieved by partially
oxidizing the fuel in an oxygen deficient primary zone or rich zone. Since
the overall combustion reaction is fuel lean, the difficult operation is the
transition from the fuel-rich state to the fuel-lean state without permitting
any meaningful oxidation time at or near stoichiometric fuel-air conditions.
It is the quick-quench/rapid-mixing step that holds the key to a successful,
]ow-NOX, rich-to-lean, air-staged combustion process.

Liquid fuel flexibility for a 1ow-N0X combustor is a necessary requirement
for any industrial or utility gas turbine engine. Therefore, in this program,
three fuels were designated to be representative of the types of fuels that
may be required for industrial/utility use.

0 A middle distillate petroleum fuel, ERBS
0 A petroleum residual fuel, RESID
0 A coal-derived liquid fuel, SRC-II



The 1ow-NOx combustor designs discussed in this section address the problems
encountered in generating the combustion technology to satisfactorily burn
middle distillate, residual, and coal-derived synthetic fuels that may contain
high levels of FBN. In addition, the burning of these fuels must be accomp-
lished in an environmentally acceptable manner, producing ]ow-NOX and smoke
emissions.

DESIGN FEATURES

The objective of this program at DDA is to generate and demonstrate the tech-
nology necessary in developing a low-emission gas turbine combustor with the
potential for durable operation in utility and industrial applications and the
capability of operatihg on minimally processed petroleum residual or synthetic
fuels. Also, the combustor technology should provide for operation on a wide
variety of potential fuels, with varying properties, which might be available
in the future.

Considering the three diverse test fuels, the combustors designed under this
program were to demonstrate low NOX and smoke emissions while providing com-
bustion efficiencies above 99% in potentially durable engine applicable hard-
ware. One concept was to achieve ultra-low NO* and smoke when burning fuels
having low levels of FBN. Another concept was to achieve Tow NOX and smoke
goals when burning fuels having moderate to high levels of FBN. It was deemed
desirable to achieve these goals in a fuel-flexible combustion system. Al-
though three concepts were investigated, the major emphasis was placed on a
variable geometry combustor described in the following sections.

To minimize NOx formation requires specific reaction zone stoichiometry. In
general, oxides of nitrogen are formed when nitrogen in the atmosphere is sub-
jected to high temperatures over a finite period of time in the presence of
oxygen. The oxidation of atmospheric nitrogen can be minimized by operating
at reaction zone temperature levels below approximately 1644 K (2500°F).
Unfortunately, in the excess oxygen state of lean combustion, FBN will still
react to produce excessive levels of NOX. It has been postulated and later
demonstrated in fundamental experiments that a fuel rich combustion zone can



be effective in minimizing NOx from FBN (Refs. 6,7). Therefore, two of the
combustor concepts incorporated a fuel rich combustion zone for suppressing
the NOX formed from FBN. After successfully suppressing NOx formation in
the rich zone, an effective, quick and uniform quench is required for the
transportation of the hot, rich mixture to the lean zone of the combustor
where the balance of the fuel is oxidized. This rich/quench/lean process is
diagrammed in Figure 1, which shows the two extreme paths for the quench
transition from the rich stage to the lean stage. If the quench is rapid and
uniform, the high temperatures and subsequent thermal NOx that would result
when the mixture passes slowly through stoichiometric conditions can be
avoided.

The quenched mixture must next be oxidized to completion in a lean zone. Care
must be taken in the lean zone to control the stoichiometry (temperature),
which, with a proper volume (residence time), will complete the consumption of
CO, UHC, and smoke without generating intolerable concentrations of thermal
NOX, thus negating the effects gained in the rich zone and the quick-quench
mixer.
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Figure 1. - Operational considerations for rich/quench/lean staged combustor.



The fundamental DDA design rationale is to inhibit NOx formation from FBN in

a rich-burning zone, and quickly and uniformly quench the exiting hot products
so that a minimum of thermal NOX will be formed in the final, lean reaction
zone.

COMBUSTOR DESIGNS

Three variable geometry combustor concepts were devised to burn minimally pro-
cessed or synthetic fuels while producing acceptably low levels of exhaust
pollutants (CO, UHC, NO, » and smoke). Combustor Concept I was devised to
operate on fuels having high levels of FBN. This design was the RQL combus-
tor. Combustor Concept II was designed expressly for accomplishing complete
prevaporization of the heavy residual (RESID) fuel prior to entering an RQL
combustor. A separate preburner and vaporizing volume were added at the main
fuel injection point of the Concept I RQL combustor. Combustor Concept III
was conceived to be a lean primary zone-lean oxidation zone (1ean/lean)
combustor, which would successfully operate with fuels having only minimal
levels of FBN.

Following are descriptions and design features for each of the three program
combustors.

Concept I--Rich/Quench/Lean (RQL) Combustor

The variable-geometry RQL combustor, shown in Figures 2 and 3, is composed of
four basic components: fuel nozzle, rich combustion zone, quick-quench mixer,
and lean combustion zone. (Each of these components is discussed in the fol-
lowing sections.) A schematic of the variable geometry RQL combustor is pre-
sented in Figure 4. Variable geometry controls the three major air injection
areas in order to provide the capability to control reaction zone stoichio-
metry over the entire engine operating range.



Figure 2. - Concept I--RQL combustor.

Figure 3. - Identification

of RQL combustor components.
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Fuel Nozzle

In the RLQ combustor all of the combustion air entering the rich zone flows
through an air blast or air assist fuel nozzle where the air and fuel are pre-
mixed prior to entering the rich zone. In addition to producing a finely
atomized and premixed fuel-air mixture, the swirling flow from the nozzle sets
up the recirculation zone aerodynamics within the rich zone. There are no
other air injection points into the rich zone because any air addition into
the fuel rich reactant mixture would Tocally produce stoichiometric reactions
and thus high levels of thermal NOX and/or fuel nitrogen conversion to

NOX, An additional requirement of the fuel nozzle was that it be capable of
varying the fuel-air ratio over the operating range so that the rich zone
equivalence ratio could be varied from approximately 1.2 to 2.5 at a pressure

drop of 6%.

To accomplish all of these operational requirements in an air blast type fuel
nozzle the Gas Turbine Fuel Systems Division, Parker-Hannifin Corporation, was
subcontracted. The resulting fuel nozzle is shown in Figure 5. It includes a
fuel-prefilming air blast nozzle having a fixed air portion on either side of
the fuel-filming surface and a much larger variable area radial inflow swirler
downstream from the fixed swirler system. The variable area was accomplished

10



Figure 5. - Variable area, air blast fuel nozzle for RQL combustor.

by axially engaging two meshing sets of radial swirler vanes such that the air
flow through these vanes varied from near zero, which produced a rich zone
equivalence ratio of 2.5, to a maximum value, which would produce the 1.2
equivalence ratio in the rich zone. The photographs in Figure 6 show the noz-
zle at the two extremes in variable area: full open and full closed. 1In the
closed position the air-fuel ratio of 3 is acceptable for good atomization
quality. Results of ambient spray analysis tests conducted on the air blast
nozzle are shown in Table I.

Initial experience with the air blast fuel nozzle in the RQL combustor re-
veaied that because the nozzle was feeding a rich zone, no air leakage could
be permitted along the barrel of the nozzle. Any such leakage air would re-
main near the wall of the combustor, resulting in stoichiometric burning along
the rich zone dome and a critical operational and durability problem. The
initial RQL combustor design incorporated a sliding seal along the fuel nozzle
barrel to accept the thermal growth differential between the hot rich zone

11
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Figure 6. - Airblast fuel nozzle showing range in attainable variable area.
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Table I.
Air blast fuel nozzle spray analysis summary (12 cs fluid).

Variable area Fuel flow-- Air, AP-- SMD--
position g/s_(pph) kPa (psi) microns
Closed 5.1 ( 40.8) 4.8 (0.7) 60
Closed 5.1 ( 40.8) 9.7 (1.4) 46
Closed 37.4 (297.0) 6.9 (1.0) 145
Closed 37.4 (297.0) 13.8 (2.0) 75
Half open 5.1 ( 40.8) 4.8 (0.7) 95
Half open 37.4 (297.0) 6.9 (1.0) 66
Full open 5.1 ( 40.8) 4.8 (0.7) 70
Full open 37.4 (297.0) 6.9 (1.0) 57

inner surface and the structural outer shell. The leakage problem was re-
solved by mounting a baffle to the rich zone inner surface at the entrance of
the rich zone to act as a seal with the nozzle face and/or an air deflector
for the leakage air, directing this air into the flow emanating from the fuel
nozzle orifice.

The rich zone air passing through the variable area fuel nozzle doubled as
cooling air for the forward portion of the rich zone. Because film-cooling
air would cause stoichiometric burning of the fuel rich mixture along the rich
zone walls, convection air cooling was used. The rich zone air was thus re-
generated an additional 170°C (300°F) to a temperature of 795 K (961°F) at
maximum continuous conditions before entering the fuel nozzle and rich zone.
Air at this temperature, passing through the fuel nozzle, assists the fuel
vaporization process but may cause binding of the variable area swirlers, es-
pecially when the vanes are fully meshed in the closed position. This remains
a design problem area for any future hardware.

A variable area nozzle using an air-assisted pressure atomizer and an identi-
cal variable area swirler to the air blast nozzle was also designed. Atomiza-
tion quality from this nozzle was not as satisfactory as the air blast, and
minimal testing was done with this nozzle.

13



Rich Zone

One very important area in the design of the RQL combustor is the dimensional
definition of the combustor rich zone flow path; i.e., diameter and length.
Combustor diameter is interrelated to combustor throughput (reference) velo-
city. It is also dependent on the number of combustors that physically can be
used in a can-annular combustion system. Time for vaporization of the fuel,
especially important for the residual fuel, is, among other things, a direct
function of the combustor length, i.e., residence time. Also, factored into
the specification of a combustor volume is the geometric consideration for a
flow recirculation/mixing pattern. With regard to the variable geometry RQL
combustor, each zone must be sized based on the criteria for its operation.

The combustor's physical size was calculated for a can-annular combustion sys-
tem with associated operating conditions (Na, P and T), for the Allison

Model 570-K engine operating at maximum continuous power. Rich zone residence
time was determined under the assumption that fuel evaporation is the rate-
controlling phenomenon. Inherent in the assumption is the fact that fuel-air
mixing or reaction rates are not the limiting items. The analytical formula-
tion for 100% vaporization is given by the following expression (Ref. 8).

n, = 1.0 = 2.4 (B9 (K) 1 (148) v [LWI0F o0
pf Cpg wa A “g D
where

ﬂc = vaporization fraction
P = density
k = thermal conductivity
Cp = specific heat

= mass transfer number

= rich zone volume
Tu = turbulence intensity percent (100 u'/U)

u' = rms value of fluctuating velocity
U = flow velocity
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® = viscosity

f = fraction of total air used in combustion

m = combustor mass flow

AL = rich zone area

D = fuel droplet Sauter Mean Diameter (SMD)
Subscripts:

a = air

f = fuel

9 = gas
substituting:

1
= = +

Com
Pr =(-E-) ~ 0.65 (above 1050 K)
g

with Mo = 1.0
Tu/100 = 0.2
f=1.0
Sp6r = specific gravity

and using the RQL combustor dimensions and operating conditions and solving
for volume results in

fy _ Pg vRZ
Mg me (1 + ‘——1?7——-)
$rz T3¢



Therefore the evaporation times for the RQL combustor can be computed from the
expression

¢ = 5.50 (107°) Sper D'*°
T 0.5
+ +

Vaporization times as a function of droplet diameter for the residual fuel are
shown in Figure 7. Because the residual fuel required the highest tempera-
tures and the longest vaporization times, the rich zone volume was sized for
this fuel. There would thus be an excess of volume and residence time for
both the ERBS and the SRC-II fuels.
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Figure 7. - Effect of atomization on RESID vaporization time.
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Combustion stability limits and liner pressure drop were also factors con-
sidered in establishing a reference velocity. Rich combustion stability was
of concern, because the concept was to partially oxidize a fuel rich mixture
in the initial combustion zone. From a stability point of view, operational
difficulties (Refs. 9-12) are generally associated with low pressure condi-
tions such as are encountered in very high altitude aircraft operation; thus,
no significant limitations were obvious for the operating range typical of the
Allison Model 570-K industrial gas turbine engine. Based on current experi-
ence with the can-annular combustion system in Allison Model 501-K industrial
engine, the pressure drop goal of 6% provides adequate mixing and air manage-
ment and does not overly penalize engine performance. The reaction rate para-
meter (Ref. 13) was used to establish the lean combustion zone volume based on
correlations with DDA engine operating experience on DF-2 fuel.

Based on the above criteria and engine size considerations, a combustion sys-
tem of ten liners having a diameter of 140.5 mm (5.53 in.) was selected. The
resulting reference velocity was 16.95 m/sec (55.6 ft/sec) at maximum continu-
ous power operation. The combustion zone design lengths, compared to the cal-
culated requirements for two rich zone equivalence ratios, are shown in Table
II. A conservative estimate of an SMD of 100 microns at maximum power oper-
ation for residual was used in this design. Note that the length specifica-
tion is set by the low power operating conditions and the equivalence ratio.
This is due to the velocity variations in the rich zone as a consequence of
operating conditions and air staging.

The design length provides for complete fuel vaporization over an anticipated
range of droplet Sauter mean diameter (SMD) at all operating conditions except
jdle. Since idle is not a continuous operating condition for pollutant emis-
sions, the compromise at this condition is reasonable. Also, sizing is di-
rectly dependent upon the atomizing performance of the fuel injector, and it
was deemed prudent to concentrate on achieving better atomization at Tower
power than to provide increased combustor length at the potential expense of
durability.

17



Table II.
Combustor size.

Rich zone Lean zone
Design length 27.94 cm (11.00 in.) 13.97 cm (5.50 in.)
requirement Vaporization--cm (in.) Reaction, #--cm (in.)
é=1.8 é=1.3 $=0.6
Max rated 20.91 26.11 7.04
(8.23) (10.28) (2.77)
Max continuous 20.83 26.01 9.19
(8.20) (10.24) (3.62)
70% power 21.13 26.42 11.00
(8.32) (10.40) (4.33)
50% power 21.72 27.18 13.77
(8.55) (10.70) (5.42)
Idle 22.74 28.55 21.26
(8.95) (11.24) (8.37)

If used, film cooling would produce copius amounts of thermal NOx in the

rich zone. Thus the rich zone was totally regenerative/convectively cooled.
The air used to cool the forward portion of the rich zone becomes the rich
zone reaction air, and the air cooling the aft portion of the rich zone be-
comes the quick-quench mixer air. Figure 8 shows the forward (upper photo)
and aft sections of the augmented surface area (fins) rich zone hardware. The
fins were attached by tack welding and brazing to ensure structural integrity
and continuous surface contact, respectively. Due to space limitations, the
number of fins on the forward section conical surface was reduced, and they
were staggered to reinitialize the film boundary layer. A provision for the
torch igniter can be seen on this conical surface. In addition to the aug-
mented surface area, an LTB-8B thermal barrier coating produced by Linde
Division of Union Carbide was applied to the inside surface of the rich and
quench zones.

18



Forwerd section

Figure 8. - Extended surface area forward/aft sections of rich stage.

19



The added thermal protection afforded by the coating was deemed especially
desirable when using the SRC-II fuel with its low hydrogen content and conse-
quently high radiation loads.

The initial design used ninety-six 7.6 mm (0.300 in.) high fins around the
cylindrical portion of the rich zone. Ninety-six fins were also used on the
aft cone and on the larger diameter portion of the forward cone. The forward
section of the forward cone had forty-eight fins due to the reduced surface
area. This configuration experienced 1imiting rich zone metal temperatures of
1340 K (1950°F) before rated combustor inlet temperatures could be achieved.
Even though wall temperatures were closely monitored, minor damage to the for-
ward rich zone hardware was experienced. Therefore, the forward rich zone was
refabricated 1incorporating a series of changes intended to alleviate the high
metal-temperature problem. A change was made in the rich zone metal thickness
and material from 0.82 mm (0.032 in.) thick AMS-5536 (Hastelloy X) to 1.57 mm
(0.062 in.) thick AMS-5608 (Haynes 188). Also, the height of the cooling fins
was reduced from 7.62 mm (0.300 in.) to 5.08 mm (0.200 in.) to increase the
Mach number past the cooling fins. The number of fins on the forward cone of
the rich zone was increased from forty-eight to sixty-four, and the axial
spacing between rows of fins was widened to 3.05 mm (0.120 in.) to ensure that
staggering the rows of fins did not block passage exits. The initial location
of the torch igniter was on the conical surface of the forward portion of the
rich zone. This location required ferrules on both the flame tube cone and
the outside support cone. It was determined that air leakage under the fer-
rules, in addition to blockage of the cooling air between the fins upstream of
the torch igniter, contributed to the high metal temperatures observed in this
region. Therefore the torch was moved from the rich zone dome to just aft of
the rich zone center flange. In this position (see Figure 3) the cooling air-
t1low was not blocked, and no leakage occurred around the torch igniter, as the
torch was kept in contact with the bottom of the new ferrule due to the rela-
tive thermal differences between the combustor liner and the test rig outer
case where it was mounted. Finally, an air-deflecting baffle was installed at
the end of the fuel nozzle mounting tube to block air Teaking into the rich
zone past the fuel nozzle, and to divert any air that got by toward the center
of the rich zone where it would be entrained in the swirling flow leaving the
fuel nozzle. Subsequent testing produced rich zone metal temperatures consis-
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tently below 1145 K (1600°F) and usually below 1090 K (1500°F), depending on
the fuel. In addition to the reduction in the level of metal temperatures,
the revised rich-zone design demonstrated considerably more uniform tempera-
tures circumferentially at each axial station.

Quick Quench Mixer

Previous experience with rich/lean combustors clearly showed the sensitivity
of the quench system and the care that must be taken to achieve quick, uni-
form, complete quench mixing of the hot rich zone products. A corporately
funded dilution mixing experimental program (Ref. 14) gave insight into de-
signing an adequate mixer. Warm air at 480 K (400°F) flowed through a
cylindrical chamber while 300 K (80°F) air was injected through various
geometrically arranged holes. The types of holes tested were circular holes,
axial slots, inclined slots, and circular holes with turbulence generating
bars. The number of holes was varied as well as the number of rows and con-
figuration of holes. Each configuration maintained a constant effective area.
Flows were varied to provide a range in momentum ratios (ratio of jet momentum
to mainstream momentum) of 20 to 120. |

Data reduction at four axial stations downstream of the dilution plane begins
with the calculation of integrated average temperature, T = S f TdA/A. Then a
mass averaged equilibrium temperature is calculated by
s MmN M T
eq m +m,

where subscripts 1 and 2 refer to the mainstream and injection air, respec-
tively.
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A nondimensional temperature that takes on positive and negative values is
based on the equilibrium temperature and is given by

where again T] is the mainstream temperature. Nondimensional temperatures
are calculated for all radial and circumferential positions, and then the
values are area averaged by

r JS¢da
A

As a measure of the total deviation from thermal equilibrium, an integrated
average is computed based on the absolute value of ¢ given by

18] JJ ¢l da
A

The area weighted absolute value of ¢ becomes a measure of the relative "mix-
edness" and can be used to correlate data for different axial positions and
different designs. The value of the integrated average'a approaches zero as
equilibrium or a completely mixed condition is reached.

A comparison of exit mixedness as a function of momentum ratio is shown in
Figure 9. From this figure it can be seen that mixing degrades as momentum
ratio increases for configurations of eight holes and eight slots, improves
for configurations of sixteen holes and sixteen slots, and is relatively in-
sensitive to a momentum ratio above 40 for circumferentially inclined slots.
This is a result of penetration and jet interactions as a function of hole
size. The interactions of the circumferentially inclined slots permit a por-
tion of each jet to penetrate through the cylinder center line thus promoting
more uniform mixing. »
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Figure 9. - Comparison of dilution configuration performance.

The result from this experimental study provided the basis for the design of
the quick-quench mixer shown in Figure 10. The design consisted of two rows
of twelve circumferentially inclined slots having a 4:1 aspect ratio (in the
full open position).

The reduced diameter at the mixer forces the hot gas exiting from the rich
zone to accelerate into the quench jets inhibiting any upstream mixing. It
also provides for an expansion into the lean zone to initiate a stable combus-
tion region. Inclining of the slots with respect to the axial direction
serves a two-fold purpose. First, the arrangement results in more uniform
mixing over a shorter length in comparison to conventional holes or slots.
Second, the inclined slots contribute a tangential component of velocity to
the hot rich zone combustion products near the wall, providing rapid expansion
and flame stabilization in the lean zone.
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Figure 10. - Variable area quick quench mixer.



As previously stated, the capability to uniformly and quickly quench the hot
gas exiting the rich zone is essential. As the variable geometry RQL com-
bustor is designed to operate over a range of rich and lean zone equivalence
ratios of 1.2-2.5 and 0.4-0.6, respectively, the quench mixer must be cap-
able of providing uniform transition between the two combustion zones over
these equivalence ratio ranges. Two competing conditions arise regarding the
quench phenomena. For a fixed lean zone equivalence ratio, increased guanti-
ties of quench air are required with increases in the rich zone equivalence
ratio. This results in effective guench area increases at a fixed pressure
drop. However, as the rich zone equivalence ratio increases, the guench jet
momentum ratio (quench momentum/hot gas momentum) also increases due to the
decrease in mass flow and temperature through the rich zone. These two condi-
tions are in the direction of increasing jet penetration and thus nonoptimum
mixing over a range of equivalence ratios. Also, in designing the gquench mix-
er consideration was given to the fact that it must initiate a flow field in
the lean zone conducive to stable combustion.

In addition to having a system of penetrating jets that will mix guickly with
the rich zone flow, the mixing system also must be controllable and minimize
area change sensitivities, especially when operating at small values of open
area. To accomplish the required flow control, a rotating band was designed
with openings specifically designed to provide smooth variations in mixing jet
open area from full closed to full open. An asymetrical trapezoidal opening
was used in the control band as shown in the sketch in Figure 11. As the
axial edge (right side) of the opening begins to uncover the slot, the rate of
area increases gradually to a fixed maximum due to the initial area being a
triangle whose height and base are linearly increasing. Continued opening of
the orifice produces a linear relationship of area with travel until the en-
tire length of the slot is uncovered. At this point, the final triangle is
opened, reducing the rate of area increase with travel. In the case of the
RLQ combustor mixer, there are two rows of slots for which the slot and band
openings are timed so that there is a smooth transition when the changes in
area pass from the first row of slots to the second. Figure 11 shows how the
jdealized control band is rotated from "full closed" to "full open" positions.
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Figure 11. - Air mixer variable geometry area change on angled slot.

For any mechanical system having sliding surfaces that operate in a hot en-
vironment, allowances must be considered for differential thermal growths.
maintain a viable system, the inside surface of the mixer rotating band was
spray coated with a 0.20 mm (0.010 in.) thick ceramic coating to act as a dry
lubricant and antiseizing compound. Appropriate radial gaps must be allowed
to account for thermal expansion of the hot inclined-slot sheet metal. Figure
12 indicates for small size slots the loss in controllable area that might

result from small gaps between the band and the base metal.

To
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Figure 12. - Predicted mixer performance.

Early experience with the quick-quench mixer pointed out that excessive leak-
age was occurring under the mixer band, thus reducing the controllable range
of areas. The mixer was then modified to reduce the radial gap under the ro-
tating band. At the same time the band was stiffened with a central ring, and
edge containment rings were added at the band edges to resist lifting of the
band when rotated by the actuating mechanism.

Cooling of the mixer was accomplished first by a cooling air film injected
over the entire internal circumference of the mixer upstream of the first row
of inclined slots. The thermal barrier coating used on the inner surface of
the rich zone was also extended to the mixer inner surface. Effusion cooling
holes were drilled in the mixer aft flange and the turbulence of the aft rich
zone cooling air assisted in cooling the mixer from the back side.
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Throughout the test program measured metal temperatures at the mixer remained
below 510 K (1000°F), and there were no failures in the mixer hardware or
variable area system.

Lean Zone

The lean zone, immediately downstream of the mixer, as well as the final dilu-
tion zone, is of conventional design with variable-area dilution holes for
pressure drop control. Cooling for these zones, since all combustion is Tean,

is accomplished with DDA's quasi-transpiration wall cooling material, Lamil-

. The use of Lamilloy minimizes the amount of cooling air required for
the final zones of the combustor, leaving more air for the penetrating jets of
the dilution holes and the mixer slots. A photograph of the Tean dilution
zone hardware is shown in Figure 13. Again a variable area mechanism was de-
signed for the dilution holes to aid in setting desired lean zone equivalence
ratio and pressure drop levels. The variable area consisted of five equally
spaced, circular holes of 16.0 mm (0.6325 in.) diameter in the dilution zone
body, and 23.8 mm (0.9375 in.) in the elevated rotating band. Preliminary
testing dictated reducing the dilution zone hole diameters for better con-
trollability by reducing the actuation sensitivity present with the larger
size holes through the combustor body. Changes in the rotating band holes
were not deemed necessary to the operation of the dilution zone.

Variable Geometry Operation

The purpose of the three variable area systems designed into the RQL combustor
was to develop a combustor to meet the program goals over the entire operating
range of the Allison Model 570-K engine and significantly reduce the test time
required for parametrically evaluating the combustor's performance. Changes
in rich zone and/or lean zone equivalence ratios could be made while maintain-
ing system operating parameters, e.g., pressure drop or residence time. Also,
changes in pressure drop could be achieved with no change to equivalence ra-
tios or mass flow.

*Lamilloy is a registered trademark of the General Motors Corporation.
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Figure 13. - Transpiration cooled RQL dilution zone.

Predicted performance of the RQL combustor operating on middle distillate
(ERBS) fuel at the Model 570-K maximum continuous power condition is shown in
Figures 14 through 18. Obtainable ranges in operation for the RQL combustor
are as follows:

Parameter Range
Rich zone equivalence ratio 1.2-2.5
Lean zone equivalence ratio 0.4-0.65
Pressure drop 3-7%

Variable geometry settings for each operating condition were computed from the
flow maps based on cold flow testing discussed in Section IV--Experimental
Systems. Calibration of the flow maps was conducted with each hot flow data
set to maintain good predictability.
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Figure 14. - Predicted fuel nozzle actuator settings for Concept I combustor
performance.

Concept II--Rich/Quench/Lean with Preheat

It was anticipated that the Concept I RQL combustor might have difficulty va-
porizing the heavy residual fuel. With this in mind a preheating/vaporizing
section was designed so that this new section might be inserted between the
fuel nozzle and the rich zone (see Figure 19). The preheat/vaporizer section
consisted of a very small preburner, a hot gas distribution annulus, radial
injection ports to direct the hot preheat exhaust flow, and a vaporization
tube with an exit swirler to set up a swirl recirculation in the rich zone
with the prevaporized fuel and air. A photograph of the preheat/vaporizer
hardware is shown in Figure 20. The offset preburner and the hot gas injec-
tion ports are more clearly seen in Figure 21.
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Figure 15. - Predicted mixer actuator settings for Concept I combustor
performance at 0.4 lean zone equivalence ratio.

Conceptually, a small amount of fuel was to be burned in a lean combustion
preburner. The preburner exhaust was designed to be 1090 K (1500°F). This
gas was then to be distributed in a small plenum surrounding the face of the
airblast or air assist fuel injector. Six equally spaced slots injected the
hot preburner exhaust gas into the fuel nozzle spray to augment the vaporiza-
tion process. The preburner was sized so that after injecting at 1090 K
(1500°F) into the fuel spray, the final bulk temperature after complete vapor-
jzation of the balance of the fuel would be 810 K (1000°F). The vaporized
fuel and air mixture would then enter the rich zone after passing through a
flow recirculation swirler at the end of the vaporizer tube. From this point
the combustion process would be the RQL process of Concept I.
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Figure 16. - Predicted mixer actuator settings for Concept I combustor
performance at 0.5 lean zone equivalence ratio.

The preburner is a conventionally sized combustor using a small Tow flow air
blast/air assist fuel nozzle. Cooling was accomplished with Lamilloy, as the
preburner primary zone operates lean at an equivalence ratio of 0.8. To aid
in distributing the 1090 K (1500°F) exhaust, the preburner was mounted off the
main combustor centerline, as seen in Figure 21.

Since it had been assumed that the preburner system might be required because
the evaporation rate of the residual is the rate-controlling process, the va-
porizer section was sized to ensure vaporization of the residual fuel prior to
its entering the rich zone. From LeFebvre and Ballal (Ref. 8) the average
rate of fuel evaporation is:

0 5)

me = 1.33 @n (k/Cp)g In(1 +B)(1 + .25 Re™"

32



100=
e RESID fuel

= 0.0710
) f/aSt

¢ Maximum continuous power

Mixer actuator position—% open

50 b=
0 System
Fuel nozzie APIBIP
4%
s 5%
i
0 - | g
1.0 1.5 2.0 2.5
Rich zone equivalence ratio, ¢RZ TE81-668

Figure 17. - Predicted mixer actuator settings for Concept I combustor
performance at 0.6 lean zone equivalence ratio.

Since the evaporation rate must be equal to the flow rate:
= 3
me = np, (47/3)(D/2)"/t

Assuming that the average droplet velocity is one-half the gas velocity, and
that the average drop diameter is two-thirds the initial drop diameter, equat-
ing these equations and solving for the time gives:

2
P Cpg D
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Figure 18. - Predicted dilution actuator settings for Concept I combustor
performance.

This vaporization time must be less than 6.5 ms for the residual fuel, accord-
ing to Spadaccini (Ref. 15), to avoid autoignition in the vaporizer at 1.03
MPa (150 psi) and 810 K (1000°F). Thus, knowing the residence time allowed
and the gas velocity through the vaporizer, the volume required could be
computed as functions of fuel and gas properties and fuel droplet size.
Figures 22 and 23 show the vaporizor lengths required to vaporize given drop-
let diameters for heavy fuel o0il and kerosene fuel at rich zone equivalence
ratios of 2.5 and 1.2 for the Model 570-K maximum continuous power conditions.

The decision to use the same variable area air blast/air assist fuel nozzle
from the Concept I RQL combustor determined the diameter of the vaporizer tube
at 76 mm (3.0 in.). Early testing with the Concept I combustor demonstrated
very high smoke and prohibitive carbon deposit build-up in the rich zone for
equivalence ratios above 2.0. Thus a maximum rich zone equivalence ratio of
1.8 was selected as the vaporizer design value for the residual fuel. These
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Figure 19. - Concept II fuel preparation chamber design--side view.

Figure 20. - Concept II preheat/vaporizer hardware.
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Figure 21. - Concept II offset preburner with hot gas injection ports.

design conditions of 76 mm (3.0 in.) diameter, 1.8 rich zone equivalence
ratio, and residual (heavy fuel 0i1) resulted in a constant cylindrical length
of 95 mm (3.75 in.) for a vaporizer volume of 431 cm3 (26.5 1?n33)°
The preburner, mixer, and vaporizer hardware for Concept Il were fabricated;
but, because of the success attained on Concept I with the residual fuel, the

Concept II hardware was not rig tested.

Concept IlI-- Lean/Lean

For some industrial and utility applications, the fuels used may be quite low
in FBN and thus not require that RQL combustors be used in the engine. For
these low FBN applications a much more conventional lean/lean combustor can be
used. A lean/lean combustor operates with a lean primary zone to reduce the
reaction temperature and thus the thermal NOX emissions produced. Final
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Figure 22. - Vaporizer length requirements for combustor Concept II at 2.5
rich zone equivalence ratio.

oxidation and exhaust temperature pattern adjustment is then accomplished in a
lean dilution zone. Since these combustors operate at lower reaction tempera-
tures, the volume required for oxidation of the fuels is larger than conven-
tional, rich primary zone combustors.

A long conventional combustor was utilized for this concept. The combustor
was modified to accept the Concept I--RQL combustor fuel nozzle, so that vari-
ation in the primary zone stoichiometry could be evaluated. Hole sizes were
changed to produce a combustor having a pressure drop of 6% and primary zone
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Figure 23. - Vaporizer length requirements for combustor Concept II at 1.2
rich zone equivalence ratio.

equivalence ratios which varied from 0.60 to 0.71 over the range of variable
area in the fuel nozzle. A cross-sectional sketch of the lean/lean combustor
is presented in Figure 24 and a photograph in Figure 25. This combustor min-
imizes the quenching of CO and UHC in the wall cooling by using a reverse-flow
baffle in the primary zone to flow cooling air upstream around the toroidal
dome and then into the fuel spray from the fuel nozzle. Thus, any unoxidized
components quenched by the cooling air again must pass through the primary
zone. Also, the plug flow zone is cooled by a cylinder of Lamilloy, which has
been shown to quench very few of the reactants when compared to traditional
film cooling. This lean/lean combustor was tested in the combustor rig and
its performance discussed in Section V--Test Results.
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Figure 25. - Concept III Tean/lean combustor--photograph.
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ITI. FUELS AND FUEL SYSTEM
TEST FUELS

Three base-line fuels were supplied to DDA for this combustor development pro-
gram:

o ERBS petroleum middle distillate (Fuel A) (Ref. 16)
o RESID petroleum residual (Fuel B)
o SRC-II coal derived middle distillate (Fuel C)

The ERBS (Experimental Referee Broadened-Specification) distillate, a special
blend of kerosene and hydrotreated catalytic gas oil, is a hypothetical
representation of a future distillate fuel. It is similar to DF-2 fuel, which
is currently used in industrial gas turbine engines.

The RESID is a minimally treated, high viscosity petroleum residual, essen-
tially a No. 6 heating oil.

The SRC-II is a solvent refined coal-derived liquid fuel sufficiently treated
to approach industrial fuel combustion quality. However, the SRC-II fuel does
present serious handling and toxicity problems not associated with current in-
dustrial liquid fuels.

Viscosity-temperature characteristics of the three test fuels are compared to
current aviation and industrial fuels in Figure 26. Table III presents key
test fuel properties and thus illustrates the following major differences that
these fuels have from current DF-2 fuel:

Lower hydrogen content
Higher ash content
Extended boiling range
Increased viscosity
High levels of FBN

o O o O 0O
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Figure 26. - Viscosity-temperature relation for test fuels.

The three test fuels were thoroughly characterized to define fuel property
data for performance analysis. A comprehensive tabulation of fuel property

data appears in Table IV.

Table III.
Key fuel properties.

Fuel A Fuel B Fuel C

Property DF-2 ERBS RESID SRC-11

Hydrogen, wt % 13.1 12.88 11.24 8.81

Nitrogen, wt % ———— 0.013 0.27 0.88

Ash, wt % ———— .001 .028 .001
10% distillation, K (°F) 460 (368) 464 (375) 573 (572) 483 (410)
End point, K (°F) 679 (762) 614 (645) >825 (>1026) 587 (597)
Pour point, K (°F) 247 (-15) 236 (-35) 278 (+40) 228 (-50)
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Table IV.
Comprehensive fuel properties.

Fuel A Fuel B Fuel C
Property ERBS RESIDUAL SRC-11
Hydrogen, wt % 12.88 11.24 8.81
Carbon, wt % 87.05 87.39 85.84
Nitrogen, wt % 0.013 0.27 0.88
Sulfur, wt % 0.09 0.56 0.28
Ash, wt % 0.002 0.028 0.001
H/C wt ratio 0.148 0.129 0.103
H/C molar ratio 1.763 1.533 1.223
Pour point, K (°F) 236 (-35) 278 (+40) 228 (-50)
Flash point, K (°F) 332 (138) 441 (335) 352 (174)
API gravity, °F 60/60 37.4 16.7 12.3
Density, kg/m3 (1b/gal) 838.7 (6.99) 954.8 (7.97) 984.0 (8.21)
Smoke point, mm 10.7 - 4.8
Viscosity @ 300 K (100°F), cs 1.69 640 3.84
Cetane No. 38 - ———
LHV, MJ/kg (Btu/1b) (Ref. 20) 42.63 (18,327) 41.71 (17,933) 40.35 (17,349)
(calculated) '
Distillation (ASTM D-86)--K (°F)
IBP 448 (346) 509 (457) 379 (222)
5% 461 (370) ——— (===) 475 (395)
10% 464 (375) 573 (572) 483 (410)
20% 468 (382) 625 (666) 492 (426)
30% 474 (394) 664 (736) 500 (440)
40% 481 (406) wmm (===) 508 (455)
50% 488 (418) 729 (852) 516 (469)
60% 496 (433) mmm (===) 525 (485)
70% 508 (454) 786 (955) 534 (502)
80% 527 (489) >825 (>1,026) 546 (524)
90% 565 (558) >825 (>1,026) 562 (552)
95% 593 (608) >825 (>1,026) 578 (580)
EP 614 (645) >825 (>1,026) 587 (597)

Although the RESID and SCR-II initially contained relatively high levels of

FBN, all three fuels were also blended with pyridine, a toxic liquid hydrocar-
bon high in bound nitrogen content. The pyridine was systematically added to
the test fuels to evaluate the contribution of FBN to NOX formation and to
determine the amount of FBN which could be tolerated under existing emissions
regulations. Table V lists the key properties of pyridine and the parametric
pyridine/fuel blends tested at the maximum continuous power condition. The
pyridine blending apparatus is described below in the subsection entitled Fuel

Systenm.
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Table V.
Pyridine key properties and blends.

Key Properties

Progertx

Hydrogen, wt % (theoretical)
Carbon, wt % (theoretical)
Nitrogen, wt % (theoretical)
H/C wt ratio

H/C molar ratio

API Gravity, °F 60/60
Density, kg/m3 (1b/gal)
Boiling Point, K (°F)

LHV, MJ/kg (Btu/1b)
(calculated)

2-Viny1 pyridine
(CzH7N)

6.71
79.97
13.32

0.084

1.000

10.1
999.0 (8.32)

Decomposes at 431 (316)

33.62 (14,453)

Pyridine/Fuel Blends Tested

Max Continuous Power Operation

Nominal Fuel Flow =

135 kg/hr (297 1b/hr)

Nominal FBN content of pyridine/fuel blend--wt %

Nominal
pyridine flow-- Fuel A
cm3/s (gal/hr) ERBS
0.0 (0.0) 0.013
1.1 (1.0) 0.369
1.6 (1.5) 0.545
2.1 (2.0) 0.721
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Fuel B
RESID

0.27

0.612
0.781
0.950

Fuel C
SRC-I1

0.88

1.195
1.352
1.508



The fuel analysis data found in Tables IV and V are a composite of analyses
provided by DDA personnel, Gulf Mineral Research Corporation, and Pittsburg
and Midway Coal Mining Company. These analyses were performed on pretest fuel
samples.

Post-test fuel samples were sent to Gulf Mineral Research Corporation for
verification analysis. Laboratory results revealed no reportable changes in
the properties of any of the fuel samples analysed--A, B, C, and C7H7Na

FUEL SYSTEM

A fuel storage and delivery system was designed for fuel-flexible, efficient
operation when using the three test fuels and pyridine. The fuel system is
illustrated in Figure 27, and contains the following key features to assure
successful accomplishment of the test program:

o0 Three 1.04 m3 (275 gal) fuel storage tanks, one for each fuel

o In-line heater to ensure proper delivery and operation with RESIDUAL fuel

o High-pressure, low-flow metering pump for addition of pyridine to the fue]s
o Mixing section to ensure homogeneous fuel/pyridine distribution

Fuel barrels were stored in a fuel farm storage facility. When required for
test the fuel was placed in the proper 1040 litre (275 gal) tank in the test
cell fuel pit, Figure 28. RESID fuel required special handling due to its
high pour point and viscosity characteristics. An in-tank immersion heater, a
tank insulation blanket, and electrically heated fuel delivery lines were re-
guired to keep the fuel temperature at 367 K (200°F) and thus ensure proper

" pump operation. An in-line steam heater (shown in Figure 29) was used to fur-
ther increase fuel temperature to 394 K (250°F) at the fuel nozzle inlet in
order to achieve a viscosity of approximately 10 cs, thereby enhancing fuel
atomization and vaporization quality.

Pyridine was introduced into the fuel flow downstream of the fuel recircula-

tion path to eliminate pyridine contamination and boil-off potential. The
pyridine was stored in the test cell (Figure 30) and introduced into the fuel
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Figure 28. - Fuel pit.

flow through a high-pressure, low-flow metering pump and mixer section (Figure
31). As pyridine is a toxic and irritating substance that severely hampers
fuel handling procedures, calibration of the metering pump system was carried
out with water as the substitute. The calibration curve for the metering pump
is shown in Figure 32. During testing, pyridine injection into the fuel was
accompanied by a compensating reduction in fuel flow to accomplish a constant
caloric input to the combustor. This step was taken so that a constant burner
outlet temperature level was always achieved.

A series of check and hand valves provided protection from fuel-to-fuel and
pyridine-to-fuel contamination. In addition, a fuel line purge procedure
flushed fuel lines with the next test fuel prior to firing, and thus minimized
contamination from fuel remaining in the delivery lines. Periodic fuel analy-

ses performed throughout the test sequence revealed no fuel contamination.
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Figure 29. - Steam heater for RESID fuel (Fuel B).

Initial operation on SRC-II brought to light a problem that resulted in a con-
tinuous reduction in fuel flow rate with run time. Testing was terminated
when the maximum fuel system delivery pressure was attained trying to deliver
rated fuel flow. Investigation revealed the fuel system 10 micron paper fuel
filters were clogged by a heavy residue (analyzed by Gulf Research Labs as
high in ash content). The problem was alleviated by replacing the paper fil-
ter elements with metal aircraft-type filters and relocating them in the re-
circulating system to facilitate "clean-up" prior to testing.

48



Figure 30. - Pyridine storage drum.

The toxic and irritating nature of the pyridine and the SRC-II required spe-
cial handling procedures to ensure employee safety. Rubber suits, rubber
gloves, respirators, and appropriate eye protection were utilized whenever
personnel were exposed to the toxic liquids, as when fuel analysis samples
were drawn from the rig fuel system.
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Figure 32. - Pyridine metering pump calibration test results.
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Iv.

RIG TEST FACILITY

EXPERIMENTAL SYSTEMS

The Low NOX Heavy Fuel Combustor Concept Program was conducted at the Re-
search and Engineering Center (Plant 8) of DDA, located at 2001 S. Tibbs Ave-
nue, Indianapolis, Indiana. Rig testing was accomplished in Test Cell 822
(Figure 33) one of four test cells capable of Model 570-K engine testing at
conditions illustrated in Table VI.

Table VI.
Model 570-K combustor operating conditions.

Inlet Inlet Outlet
Airflow temp pressure temp Fuel flow (DF-2)
Engine mode kg/s (1b/sec) K (°F) kPa (psia) K (°F) kg/h (1b/hr)
Starting 0.095 (0.210) 294 (70) 112 (16.2) 733 (859) 19.3 (42.5)
Idle 0.733 (1.614) 445 (342) 359 (52.0) 898 (1158) 18.5 (40.8)
50% load 1.313 (2.893) 559 (547) 801 (116.2) 1150 (1610) 74.5 (164.2)
70% load 1.461 (3.219) 584 (592) 934 (135.4) 1256 (1802) 96.3 (212.2)
Max continuous 1.680 (3.701) 623 (661) 1142 (165.6) 1416 (2090) 134.7 ( 296.9)
(nominal base load)
Max rated 1.756 (3.867) 638 (688) 1220 (177.1) 1478 (2200) 150.3 (331.4)

(peak load)

The company-owned combustion facility has the following major systems, as

shown in the Figure 34 block diagram:

o Airflow system

o Fuel system (see Subsection entitled Fuel System in Section III)

o Ignition system

o Data acquisition and computation system

These systems are briefly discussed in the following paragraphs.
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Figure 33. - Plenum-type test rig.
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Airflow System

Figure 35 is a schematic of the air supply system including air heaters, air-
flow control, and pressure and temperature control. Nonvitiated high pressure
air is supplied to the test section by facility compressors through indirect
oil-fired heaters, which are used to elevate inlet temperatures to simulate
engine compressor discharge characteristics. The exhaust piping is equipped
with a water spray bar system for reducing exhaust temperatures of up to 2250
K (3600°F) without detriment to the exhaust system.

Ignition System

A portable methane-oxygen torch igniter, initiated by an air gap spark source,
was employed for all testing in this program.

810 K
(1000°F)
Thermal
research |_©
Air heaters
Filter < h
0.02-2.1 MPa (3 to 300 psia)
54 kg/s (120 Ib/sec) Airflow

220-420 K (=65°F to 300°F) measurement
FU@E station

< | Muyffler

=~ Details of the
test rig are

é

| . given in
Facility I 150 in. | subsection 3c.
evacuation
system TE=2018A

Figure 35. - Combustion test facility schematic.
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Data Acquisition and Computation System

Development testing of unique combustor concepts required extensive pressure
and temperature instrumentation for effective performance analysis. These
requirements have been met by the following:

o Direct-display pressure gages, manometers, and temperature readout equip-
ment

o Computerized static data acquisition system

o Digital-to-analog data output

o Quick-look (Silvertone) data display of test data including various rou-
tines for calculation of flows, temperature rise, etc.

The central digital data acquisition system is built around a SEL 840 MP com-
puter. The SEL 840 system processes incoming data in real time and transmits
the answers to the test cell site for visual display so that test stand per-
sonnel can observe the current or past configuration operating conditions.
The SEL 840 system is linked with an IBM 370/168 computer which is used for
data storage and processing. The digital data acquisition system eliminated
most of the hand recording of data and provided a fast, efficient, and accu-

rate means of obtaining final test results.

A 48-port, 4-channel pressure scanning system for recording of burner pres-
sures was used. This unit is a differential pressure measuring system using
four O to 345 kPa (0 to 50 psia) pressure transducers, sensing pressures on 47
ports of the scanning valve. A precise pressure is connected to both sides of
the pressure transducer via the forty-eighth port.

Digital data acquired by the SEL data acquisition system is transferred to an
IBM model 370/168 computer where it is stored on disk. These data are con-
verted to engineering units, numerous calculations are performed, and the re-
sults are displayed on an IBM model 2260 scope in the SEL data acquisition
center and the combustion facility via closed circuit television for quick-
look analysis of the rig operation by the test engineer. Such calculations as
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airflow, fuel-air ratio, average burner inlet and outlet pressures, inlet flow
factor, emissions, and burner outlet temperature pattern are displayed at the
test site approximately 1 minute after the data are acquired.

TEST SECTION

The combustor test section, shown in the test rig installation drawing, Figure
36, adapts to an existing DDA facility supply and exhaust system with conven-
tional rig hardware sections. The combustor housing is equipped with three
variable geometry actuator systems, instrumentation, ignition, fuel, and rig
control systems. The rig design permits combustor concepts to be quickly and
simply modified. The independent, remotely actuated variable-geometry con-
trols of the air staging to each combustor section allowed testing of numerous
combustor configurations (airflow splits) without removing the combustor from
the rig.

The air assist fuel nozzle was supplied with independently controlled high
pressure air. Fuel flow rate and variable geometry movement were remotely

controlled from the test cell control room.

Instrumentation

Instrumentation for this program included the items shown in Table VII.

Inlet instrumentation for total pressure and temperature used standard DDA
probes at two circumferential locations each as shown in the rig installation
drawing. Combustor outlet temperatures were measured using five probes (with
four having five elements and the fifth with six elements) located in the com-
bustor exit instrumentation plane as shown in Figure 37. These probes used a
platinum-platinum/rhodium thermocouple junction.
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Table VII.
Test instrumentation.

Parameter Number Comments
Airflow 1 ASME std orifice
Fuel fiow 2 Flo-tron and metering
pump
Skin temperature 33 C-A thermocouples
Gas analysis 25 5 rakes, 5 depths*

commonly manifolided
Combustor outliet temperature 26 Pt-Pt 13% Rh T/C's
4 at 5 depths
1 at 6 depths

Inlet temperature 2 I-C 17/C's
Inlet total pressure 2 1 depth each
Liner static pressures 10

*Gas analysis probes could alternately provide outlet total pressure

The gaseous emission probes sample five depths at equal areas and are water
cooled as shown in Figure 38. These probes are manifolded to a common heated
line, which transfers the exhaust sampie to the DDA-supplied gas sampling and
measuring equipment described below. The probes also can be used for combus-
tor outlet total pressure measurement.

The variable geometry control mechanisms are shown in the rig installation

drawing. Position readout of this control system in concert with combustor
calibrations provided the necessary data to define geometric definition and
airflow splits of each combustor test configuration.
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Figure 37. - Qutlet temperature and emissions probes installed in test rig.

The locations of the temperature and pressure instrumentation for the Concept
I combustor are shown in Figures 39 and 40, respectively. Because of the in-
fluence of fuel properties on combustion liner durability (Refs. 17,18),
special emphasis was given to monitoring combustor metal temperatures. An
abundance of skin thermocouples is located along the liner to monitor the in-
tegrity of the hardware during testing. There are a total of thirty-three
liner thermocouples at twelve axial locations. The regenerated inlet air tem-
perature to the rich and quench zones was also measured. The hot gas static
pressure within the liner was recorded at three axial locations in addition to
the nozzle and quench mixer cavity pressures.
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Figure 38. - Gas sampling probe.
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Figure 39. - Concept I combustor temperature instrumentation.
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TEB1-658

Figure 40. - Concept I combustor pressure instrumentation.

Exhaust Gas and Smoke Measurement System

For this combustor development program an on-line exhaust gas measurement sys-
tem was utilized, which included the exhaust gas composition measurement in-
struments listed in Table VIII.

The SEL acquisition system converted the on-line emissions signals to appro-
priate units and calculated a fuel-air weight ratio from the exhaust gas com-
position measurements. This allows an on-site check of the gas sampling va-
Tidity.

Figure 41 shows a schematic of the smoke measurement system used in this pro-
gram. This smoke measurement method is in agreement with the SAE recommended
practice (Ref. 19).
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Table VIII.
Exhaust gas sampling instruments.

Carbon Monoxide (NDIR-Beckman Model 865)

Ranges--ppm Accuracies--%
0 to 100 +2 (full scale)
0 to 500 +1 (full scale)
0 to 2500 +1 (full scale)

Oxides of Nitrogen (CL-TECO Model 10A)

Ranges--ppm Accuracies--%
0 to 2.5 +1 (full scale)
0 to 10 +1 (full scale)
0 to 25 +1 (full scale)
0 to 100 +1 (full scale)
0 to 500 +1 (full scale)
0 to 1000 +1 (full scale)

Unburned Hydrocarbons (Heated FID-Beckman Model 402)

Ranges--ppm Accuracies--%
0 to 10 +1 (full scale)
0 to 50 +1 (full scale)
0 to 100 +1 (full scale)
0 to 500 +1 (full scale)
0 to 1000 +1 (full scale)

Carbon Dioxide (NDIR-Beckman Model 864)

Ranges--ppm Accuracies--%
0 to2 +1 (full scale)
0 tob +1 (full scale)
0 to 15 +1 (full scale)
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Figure 41. - Smoke sampling system schematic.

COLD FLOW CALIBRATION

Prior to the hot flow shake-down testing of the RQL combustor in the test rig,
a cold flow calibration was performed to establish the aerodynamic performance
of each variable geometry section of the combustor. Except for the fuel noz-
zle-rich zone air system, these cold flow tests were carried out in the com-
bustor rig so that all test environment effects within the rig might simultan-
eously be calibrated with the variable geometry sections.

Due to the low airflow rates involved, the fuel nozzle-rich zone air system
was calibrated on a separate flow bench. For this calibration the forward
portion of the combustor rich zone was removed from the combustor at the cen-
ter flange joint. This forward section was installed over the inlet of a sub-
ambient airflow rig. The fuel nozzle was installed in its proper position at
the upstream end of the flow rig, thus sealing the rich zone air system, forc-
ing all of the air to take the same flow path that the rich zone air will take
during hot flow testing. The test setup is diagrammed in Figure 42.
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Figure 42. - Fuel nozzle airflow calibration setup.

A series of pressure drops was established on the flow rig at five variable
geometry positions of the fuel nozzle from full closed (0% open) to full open
(100% open). From these data the flow map (Figure 43) for the rich zone sys-
tem was generated.

To determine the flow map for the mixer, the forward portion of the rich zone
was reinstalled on the combustor. The lean zone cooling air, dilution holes,
and aft cooling air holes were taped closed and in this configuration the com-
bustor was installed in the test rig. A parametric set of airflow and pres-
sure drop data points was recorded for the various combinations of both the
mixer variable geometry and the fuel nozzle variable geometry. The mixer flow
map, Figure 44, was then computed by subtracting the calibrated nozzle-rich
zone flows from the nozzle-mixer combination.

Once the mixer system flow map was determined, the process was repeated with
the lean zone-dilution zone air flow passages opened. The dilution zone vari-
able geometry was calibrated by cold-flow testing a three-dimensional matrix
of points having various combinations of each of the three variable geometries
(nozzle, mixer, and dilution). The fuel nozzle flow and the mixer flow
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Figure 43. - Variable-geometry fuel nozzle flow map.

(already determined) were subtracted from measured total flow, resulting in
the flow characteristic of the dilution zone variable geometry system, Figure
45, These experimentally determined airflow characteristic maps were used
throughout the program to determine variable geometry settings for each data
boint to be run prior to testing, as well as for post-test analysis to assess
the operating point actually tested.
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V. TEST RESULTS

A vast amount of test data was recorded during this combustor technology pro-
gram. Although three combustor concepts were designed and fabricated the ma-
jor development and test effort was spent on the Concept I--rich/quench/lean
combustor. This section presents the significant test data on the RQL com-
bustor and the Concept IlI--Tean/lean combustor. Table IX summarizes the num-
ber of test points taken for the major divisions of the testing effort.

Table IX.
Summary of test data points recorded.

Data Total data
Concept Combustor Test type Fuels* points points
I RQL Development A,B,C 209
Performance A,B,C 174
Parametric A,B 211 594
11 Preburner RQL - - - ———
I1I Lean/Tean Performance A 11 11
Total data points 605
*A - ERBS

B - Petroleum residual, RESID
C - Synthetic coal derived liquid SRC-II

CONCEPT I--RICH/QUENCH/LEAN

Combustor performance and emission data for the Concept I--RQL combustor are
presented in this section. Because this was a technology generation program
it is important to review pertinent items that occurred during combustor
development in addition to discussing the results from the final confﬁgurafion
of the combustor hardware. Thus, the operational problems uncovered and
solved during the RQL combustor development will be discussed, and the final
performance and parametric test results will then be presented.
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Development Testing

The objectives of this segment of the combustor technology program were to
evaluate rich and lean zone equivalence ratio effects for the three base-line
fuels against performance, emission, and liner durability goals. Development
test results reported in this section are for operating conditions at or near
max imum continuous power operation for the Model 570-K industrial gas turbine
engine. Since this is the highest continuous power level for the engine, and
since the engine spends much of its operating life at this point, this condi-
tion was the design point for all of the combustors in this program. Thus the
NOx and smoke emissions produced at this level are most important. Testing
over the operational range of the engine was conducted later in the program
and will be presented in the Final Test Data portion of this section.

Initial testing of the Concept I--RQL combustor on ERBS fuel revealed two de-
ficiencies in the operation of the combustor over the range of parameters of
interest. Trying to operate the combustor over a wide range of rich-zone
equivalence ratios (1.2 to 2.5) resulted in a severe buildup of carbon in the
rich zone, as seen in Figure 46. The carbon was generated when the equiva-
lence ratio in the rich zone increased above approximately 2. The cause was
determined to be excessively rich operation in a very "lazy" zone. The lim-
ited quantity of air required to achieve the high equivalence ratios, recall-
ing that design fuel flow is maintained, coupled with combustor temperatures
significantly lower than stoichiometric, results in reduced gas velocities.
The consequences of low gas velocities are extreme rich zone residence times,
unstable aerodynamic flow patterns, and nonuniform mixing. A1l items contrib-
ute to the carbon deposits. As a result of the carbon formation, operation at
high equivalence ratios was determined to be impractical and subsequent test-
ing was limited to equivalence ratios less than 2.

A second area requiring immediate attention was overheating of the liner in
the fuel-nozzle area and the forward portion of the rich zone. Examination of
the liner indicated that air leaking past the nozzle and, possibly, the torch
igniter initiated local stoichiometric combustion zones when interacting with
the fuel rich mixture exiting the fuel nozzle. The high temperature burning
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Figure 46. - Carbon build-up in dome of RQL combustor operating at rich zone
equivalence ratios above 2.0.

near the liner wall overloaded the extended surface convection cooling

system. Constant monitoring of rich zone metal temperature thermocouples in
the forward portion of the rich zone was required to 1imit measured metal tem-
peratures below 1340 K (1952°F). The overheating of the wall in the rich zone
limited the operating conditions to an inlet air temperature of approximately
450 K (350°F). As development proceeded some data were obtained at 580 K
(584°F) with ERBS fuel, but in general the testing was restricted to the Tower
inlet air temperature.
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The overheating in the rich zone was overcome by incorporating several design
modifications. The first affected the air leakage past the fuel nozzle. The
RQL design supported the inner shell (flame tube) from a split line located
near the midpoint of the rich zone. The flame tube thermal growth was accom-
modated by a sliding fit over the fuel nozzle barrel forward and by a sliding
fit at the entrance to the mixer aft. The aft portion of the rich zone never
required modification from the initial design. Wall temperatures seidom ex-
ceeded 900 K (1160°F) in this area. The sliding fit around the fuel nozzle,
however, allowed inlet air to be injected into the reacting fuel rich mixture.
This leakage air entering the rich zone tended to stay on or near the diverg-
ing flame tube wall and react at near stoichiometric conditions.

The torch igniter, located in the conical dome of the rich zone, required
sealing ferrules on both the flame tube and the cooling/support cone surfaces.
Even with a close tolerance between the matching parts some air leaked past
the inner ferrule. Also, the blockage to several cooling air channels caused
by the presence of the torch igniter itself degraded the cooling effective-
ness locally. In addition to the blockage and air leak problems, the spray
pattern from the fuel nozzle was nonuniform.

It became clear from the test data that for a successful rich zone to function
there must be:

o No air leakage

o Circumferentially uniform and effective convection cooling
o Uniform fuel nozzle patternation

o Strong swirl for recirculation and intimate mixing

Modifications were incorporated into the rich zone hardware to overcome these
operational problems. To prevent air leakage past the torch ferrules into the
dome of the rich zone and to eliminate blockage of any forward cooling chan-
nels, the torch igniter location was moved from the rich-zone dome to just aft
of the rich zone support flange. As shown in Figure 47, the new location of
the ignitor ferrule was upstream of the rich-zone cooling fins so that no
cooling air channels were blocked. There is little thermal growth differen-
tial at the rich zone flange so a rigidly attached ferrule was used.
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TE81-700

Figure 47. - Back half of rich zone showing new torch igniter location
against flange.

To reduce air leakage, a snug fit was used between the torch barrel and the
ferrule. Forcing the torch tip against a shoulder at the bottom of the fer-
rule further reduced air leakage. Radial thermal growth maintained the con-
tact on the ferrule shoulder as the combustor warmed up after ignition.
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The cooling effectiveness and mechanical integrity of the forward rich zone
was improved through a series of changes. The cooling fins were reduced in
height from 7.6 to 5.1 mm (0.300 to 0.200 in.) to increase the heat transfer
from these surfaces. The flame tube was changed from 0.81 mm (0.032 in.)
thick Hastelloy X alloy (AMS 5536) to 1.52 mm (0.060 in.) thick Haynes 188
alloy (AMS 5608). The Haynes 188 alloy exhibits higher strength at elevated
temperature than the Hastelloy X alloy, thus providing added margin to the
cooling scheme.

The axial spacing between staggered fin sections on the conical dome (Figure
48) was increased from 1.5 to 3.0 mm (0.060 to 0.120 in.). Because of the re-
ducing diameter of the conical dome, the initial design used only 48 fins near
the nozzle versus the 96 on the remainder of the assembly. Here, again, a
change was made, increasing the number of fins from 48 to 64 and indexing them
to cause minimum blockage to the upstream cooling flow.

In general, the three variable-geometry systems exhibited minimal mechanical
problems. The variable-geometry fuel nozzles functioned quite well; however,
there was a tendency to bind when hot and fully closed. The mixer and dilu-
tion variable-geometry systems were both modified to reduce the design clear-
ance between the bands and the flame tube, since neither zone operated as high
in metal temperature as expected. Thus, there was excessive thermal gap ini-
tially designed into each band. The mixer band was also reinforced circum-
ferentially with a metal stiffening ring to reduce the flexing of the band
with movements of the single actuator. Mixer band concentricity was improved
by adding containment rings at both edges. These containment rings also re-
duced air leakage under the mixer band edges.

Each of the three fuels created its own special problems during the develop-
ment testing. Handling the coal-derived SRC-II fuel produced a chemically
hazardous situation for technicians who had to work on the fuel system when
this fuel was being used. A fuel of this toxicity requires special safety
clothing and equipment for test personnel who make any of the usual adjust-
ments or minor repairs in the test cell.
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Figure 48. - Initial forward half of rich zone with cooling air cover
removed, showing extended area cooling fins.

The RESID fuel has a very high pour point and extremely high viscosity at room
temperatures. Principle difficulties with this fuel stemmed from the elevated
temperatures to which this fuel had to be heated and maintained in order to
reduce the viscosity so that it could be handled in lines, pumps, metering
systems, and flow measuring systems. With this in mind, it was imperative

that the RESID fuel not be left in any fuel lines after daily shutdown of the
test systems and equipment. To avoid plugging the fuel system with cold RESID
fuel, the fuel system was purged with ERBS fuel to clear the lines by disolv-
ing or carrying away the hot RESID fuel. The RESID fuel progressively blocked
the standard 3-micron fuel system filters in the delivery lines to the rig test
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section. The 3-micron filters were replaced by 10-micron elements to extend
running time. The RESID fuel had to be continuously recirculated through 10-
micron filters when the fuel heaters were on to maintain a uniform bulk fuel
temperature at 365 K (200°F). Testing time was limited to the supply in the
run tank. Adding fuel during the test resulted in a stratified mixture and
pulsations in the fuel system.

Testing with the RESID fuel also required cleaning the variable geometry fuel
nozzle after each day's testing. Figure 49 shows the nozzle fuel distributor
plate prior to testing with RESID fuel, and Figure 50 shows the same nozzle
after a day's test. The flow number (wf/'§$) for the clean nozzle was 153-
158 kg/s/MPa (28-29 1b/s/psi). After testing on RESID fuel, flow numbers were
as Tow as 55 kg/s/MPa (10 1b/s/psi) and usually at or below 109 kg/s/MPa (20
1b/s/psi), even after purging the entire fuel system by operating on the ERBS
fuel before shutting off the fuel to the combustor.

An operational problem also occurred with the ERBS fuel during the test.
Levels of increased FBN were obtained for all three fuels by adding varying
amounts of pyridine to the fuel in an on-line mixing chamber. The particular
pyridine used was 2-vinylpyridine, C7H7N, In two instances, and only two,
the addition of pyridine to the ERBS fuel produced a sizable amount of reac-
tion product or precipitate having the look, feel, and resilience of “rubber
bands®. Both times this phenomenon occurred, the test was immediately termi-
nated and the fouled stainless steel fuel lines were replaced. The pyridine
vendor was contacted and shown the precipitate, but he could shed no conclu-
sive light on the cause. On both occasions when the precipitate was formed,
the pyridine system had not been used for as long as four to six weeks. In
each case, after the fouled lines were replaced, there were no further occur-
rences during that test series encompassing several days of fuel-pyridine com-
bustor testing. To date, no cause has been identified for the precipitate.

Most of the development testing was performed with the rich zone equivalence
ratio greater than 1.0. On one occasion when testing with the RESID fuel, the
RQL combustor was operated with the rich zone actually leaner than stoich-
iometric to establish whether it was leaking air past the fuel nozzle that
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Figure 49. - Air blast fuel nozzle fuel distributor clean, prior to test.

reacted with the rich mixture to produce stoichiometric combustion along the
wall and thus high metal temperatures. Eight test points were taken with the
rich zone equivalence ratio varying between 0.85 and 0.95 and in each case the
high rich-zone metal temperatures near the fuel nozzle decreased 55 to 80 K
(100 to 150°F), verifying that the air was leaking past the fuel nozzle. Ex-
haust emissions were also recorded for each of the data points. The corrected
nitrogen oxides are presented in Figure 51, and show the typically high NOX
levels (600 ppm) for the high burner inlet temperature (BIT), lean equiva-
lence-ratio reaction zone (¢ = 0.9).
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Figure 50. - Air blast fuel nozzle fuel distributor fouled, after test.

Exhaust emissions were measured all during the Concept I-RQL combustor devel-
opment. These emission results, as well as the durability problems encoun-
tered, guided the design of modifications made to the combustor during this
period. The data presented in this section constitute summaries of the emis-
sions for all three test fuels near the maximum continuous power operating
condition of the Allison Model 570-K engine.

Emission results as a function of rich zone equivalence ratio are shown in
Figure 52 for the three test fuels. (Note that parametric variation in equiv-
alence ratio inherently includes variation in rich zone residence time and
swirl strength.) The ability of the combustor to achieve low NOx with sig-
nificantly different fuels and levels of FBN is clearly demonstrated in
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Figure 51. - RQL combustor NOx emissions when operating with rich zone
on lean side of stoichiometric.

Figure 52. Because the levels of FBN in the RESID and SRC-II fuels exceed
0.25 wt %, the NOx goal under this DOE/NASA program was 140 ppm. (The EPA
Stationary Gas Turbine NOX standard for the Allison Model 570-K is 230

ppm. ) Unburned hydrocarbon emissions from the combustor are not presented
since the levels measured at maximum continuous power were all below 20 ppm
and nearly half the measurements were below 5 ppm. To achieve the goal of 99%
combustion efficiency, CO emissions must be kept below 970 ppm at maximum con-
tinuous operation (310 ppm at idle). The goal for exhaust smoke was a maximum
smoke number of 20 SAE.
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Figure 52. - NO,, €O, and smoke emissions vs rich zone equivalence ratio for
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The emissions data shown in Figure 52 were measured at a variety of different
conditions. There are three different fuels represented: ERBS, RESID, and
SRC-II. Next there are two combustor inlet temperatures plotted: 422 K
(300°F) and 575 K (575°F) (flagged points). Finally there are two ranges of
lean zone equivalence ratios and total mass flows represented: Tlean zone
equivalence ratio ranges of 0.45 to 0.50 and 0.55 to 0.60, with total mass
flows of rated airflow and 125% rated airflow (20% reduction in residence
time). However, for all tests the overall fuel air ratio is maintained at
maximum continuous power specification. The variations in both rich and Tean-
zone equivalence ratios were obtained with adjustments to the combustor vari-
able geometry. For all test points, a 6% system pressure drop was maintained
while varying both zone equivalence ratios and total mass flow. Inlet tem-
peratures were below the normal operating level of 622 K (661°F) to avoid high
metal temperatures in the combustor rich zone hardware. The temperature of
the rich zone hardware varied directly with rich zone equivalence ratio. As
equivalence ratio increased, cooling air decreased, thus reducing cooling ef-
fectiveness of the regenerative/convective cooling system.

Even though the data in Figure 52 have considerable scatter, trend lines drawn
through the NOx data for each base-line fuel show a minimum in the NOX

curve in the region of 1.4 rich-zone equivalence ratio. Only the ERBS fuel
was operated at two different inlet temperatures. Comparing the ERBS data
illustrates how NOx increased while CO and smoke decreased as inlet tempera-
tures were raised.

NOx emissions appeared to be controlled only by inlet temperature and the
rich zone equivalence ratio. Changes in the lean or dilution zone had no ob-
servable effect on NOXs even though an effect was expected. Carbon monoxide
emissions and smoke, on the other hand, were influenced significantly by both
rich zone and lean zone equivalence ratio, as well as by combustor inlet tem-
perature. Both CO and smoke varied directly with rich zone equivalence ratio
and inversely with lean zone equivalence ratio. The higher temperatures in
the lean zone due to either a higher equivalence ratio or a higher inlet tem-
perature increased the CO reaction rate and resulted in lower CO in the com-
bustor exhaust.
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To simultaneously achieve the NOx and smoke goals, it appeared that the min-
imum NOX achieved must be compromised. Because of the sizable margin be-
neath the NOX goal and the need to significantly reduce the smoke, subse-
guent rich-zone combustor stoichiometry should be leaned to the 1.2 to 1.3
equivalence ratio range to produce less smoke while accepting some increase in
NOX emissions. Also, it appeared desirable to operate at higher lean-zone
equivalence ratios, in the range of 0.60 to 0.65 (also with the possibility of
increasing the NOX) to consume more of the smoke in the lean zone. This
NOXversus smoke trade-off is indicated in Figure 53, where the data represent
rich-zone equivalence ratios of 1.4,

Subsequent to the recording of the test data presented above, a series of mod-
ifications, previously detailed, was made to the rich zone combustor hard-
ware. These modifications included:
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Figure 53. - NOX vs smoke at rich-zone equivalence ratio for minimum NOX.
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o Moving the torch igniter from dome to just aft of center flange to remove
air leakage and cooling flow blockage in the dome.

o Changing the rich zone inner shell in front half from Hastelloy X (AMS
5536) material 0.8 mm (0.032 in.) thick to Haynes 188 (AMS 5608) material
1.5 mm (0.060 in.) thick for increased high temperature integrity and
mechanical strength.

o Reducing the cooling fin height from 7.6 to 5.1 mm (0.300 to 0.200 in.) to
improve heat transfer to cooling air.

o Increasing the number of fins nearest the fuel nozzle from 48 to 64 for
improved heat dissipation.

o Increasing the axial spacing between rows of fins, from 1.5 to 3.0 mm
(0.060 to 0.120 in.) to avoid blocking cooling air flow when fin sections
are staggered.

o Adding a fuel nozzle baffle either to seal the leakage path past the fuel
nozzle or to direct any leaking air toward the center line where it would
be entrained in the flow from the nozzle.

Test results of the RQL combustor having these modifications are presented in
the following section.

Final Results

Testing of the RQL combustor final design encompassed two test series: per-
formance testing and parametric testing. In the perfornance testing each of
the three test fuels was used (ERBS, RESIED, SRC-II). For the parametric
testing only ERBS and RESID fuels were utilized. The purpose of these tests
was to assess the fuel flexiblity and the operating sensitivity of the RQL
combustor. Also, pyridine (specifically 2-vinylpyridine, C7H7N) was added

to each fuel to increase the fuel nitrogen Tevel. A1l test points corres-
ponded to the combustor operating conditions of the DDA Model 570-K industrial
gas turbine. These operating conditions are summarized in Table X. Inlet
temperature, pressure, and airflow were matched as presented in Table X, and
the fuel flow rate was maintained at the stated flows for each fuel. Thus
since the RESID and SRC-II fuels had slightly Tower energies or lower heating
values (LHV), the outlet temperatures were somewhat lower with these fuels
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than the engine rated levels. Stoichiometric fuel-air ratios were computed
from each fuel's carbon-hydrogen ratio and thus rich and lean zone equivalence
ratios reflected this characteristic.

Table X.
Engine/combustor operating conditions.

Inlet Fuel Qutiet

Engine Airflow Temp Press flow F/A° temp
Mode kg/s K MPa m¥T/P  kag/h  g/kg K
Idle 0.733 445 0.359 43.01 18.51 7.09 898
50% Load 1.313 559 0.801 38.73 74.48 15.8 1150
70% Load 1.461 584 0.934 37.78 96.25 18.3 1256
Max Continuous

(base load) 1.680 623 1.142 36.69 134.67 22.3 1416
Max Rated

(peak load) 1.756 638 1.220 36.28 150.32 23.8 1478

Data Validation

Performance testing of the RQL combustor with each of the three fuels over the
range of Model 570-K engine operation compiled 174 data points. Comparisons
between mechanical and chemical fuel-air ratios for each of the three fuels
are shown in Figure 54. Mechanical fuel-air ratios are determined by a Flo-
tron flowmeter and calibrated airflow orifice measurements. The chemical
fuel-air ratios are computed from measured exhaust gas samples: CO23 Co,

UHC, and NOx’ The exhaust gas sampling system derived fuel-air ratios

agree within 10% of the mechanical derived values. Thus the gas samples mea-
sured from the RQL combustor liner appear representative of the exhaust gases
exiting the combustor.
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Performance Testing

The RQL combustor was tested at five steady-state, Model 570-K engine oper-
ating conditions from idle to maximum rated power. Figures 55 to 60 show five
data plots each (corrected N0x9 corrected CO, SAE smoke number, combustion
efficiency, and maximum combustor liner metal temperature) with all three
fuels presented on each plot for comparison. Operation of the RQL combustor
at the four operating conditions above idle were well within the range of the
variable geometry system, but at idle the range was quite restricted as seen
in Figure 61.

To maintain equivalence ratios greater than 1.0 in the rich zone at idle the
variable geometry fuel nozzle needed to be nearly closed while the mixer and
dilution geometry required near full open settings. These variable geometry
combinations severely reduced the system pressure drop from the usual 6% to
the 3 to 4% level. With the fuel nozzle closed, the aerodynamic performance
of the fuel nozzle produced poor mixing and recirculation. Also, since pres-
sure drop was low, atomization quality was poor. It was feared that combustor
damage might occur during the idle testing. Therefore, the idle performance
was the last test conducted on the RQL combustor hardware, even after the par-
ametric testing which will be subsequently discussed. Three idle test points
were obtained for each fuel. Only the mixer geometry was varied to keep the
rich zone as rich as possible and to increase the pressure drop to help the
mixing. The idle data obtained were quite high in NOX, Inspection of the
combustor after the idle test revealed some burn-through in the dome, which
probably shifted the rich zone equivalence ratio below stoichiometric (or to
fuel lean conditions). This would explain the high NOx Tevels measured at
this condition. Modifications made during development to reduce leakages and
actuation sensitivity shifted the preferred operating range of the combustor
away from the idle condition. Hence, it is felt the idle data is not repre-

sentative of how a preferred RQL combustor should operate.

For the power levels above idle, the RQL combustor performance was excellent.
Above idle, CO emissions were below 50 ppm at 50% load and down to 20 ppm at
maximum rated power. Unburned hydrocarbons were below 10 ppm for all fuels at
all power levels and thus are not presented. Exhaust smoke was always below a
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Figure 61. - Predicted variable geometry flow map for Model 570-K idle.

20 smoke number and usually below 10. Combustion efficiencies were of the
order of 99.9% and above. Combustor metal temperatures consistently were
highest for the RESID fuel on the order of 1200 K (1700°F) and lowest for the
ERBS fuel at approximately 1090 K (1500°F).

Corrected NOX emissions illustrate guite low levels for all three fuels. A
comparison of NOX emissions at each power level is shown in Figure 62 for

ERBS fuel. The NO, values generally increase with increasing power condi-
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Figure 62. - NOX response to power level.

tions and the minimum NOX levels usually occur between 1.2 and 1.45 rich

zone equivalence ratio. These data are significantly below the NOX goal of
90 ppm for ERBS.

It must be remembered that this is a variable geometry combustor system that
operated at fixed inlet conditions (airflow and fuel flow rates, temperature,
and pressure). The rich-zone and lean-zone equivalence ratios were set inde-
pendently with the variable-area systems of the nozzle and. the mixer. The
dilution zone was usually adjusted a small amount to maintain pressure drop.
Over the power range from 50% load to maximum rated power, the nozzle areas
were varied from full closed to 77% open, the mixer varied between 0 and 30%
open, and the dilution geometry varied from 35 to 79% open. As a consequence
of these ranges in flow areas, all at a constant 6% pressure drop, each data
point represents a different combustor configuration. In addition to magni-
tudes of the air distributions, the aerodynamic performance at each air entry
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changed with the setting. This was especially true of the fuel nozzle and the
mixer. At low airflow configurations (nearly closed) the fuel nozzle gene-
rated a solid-cone fuel spray having large droplets with a tight recirculation
loop against the diverging dome surface of the rich zone. As the nozzle area
was opened, the spray transferred to a hollow cone and the droplet sizes de-
creased substantially. The recirculation loop lengthened out to encompass the
front half of the rich zone. The mixer's variable geometry made similar
changes to the quick guenching aerodynamics with the rich-zone products. Ac-
companying the changes in airflow injected through the mixer, were changes in
hole shape as the slot open areas translated from trianguiar holes to slots
and from one row of slots to two rows. Therefore the results are felt to be
unigue to this RQL combustor, and although the results are only correlated to
rich-zone equivalence ratio, other parameters are simultanecusly varying.

A plot of minimum NGX over the power range for each fuel is shown in Figure
63. In general, the minimum NOX level increases as output shaft power is
increased. Only two data points were recorded for SRC-II fuel at 50 and 70%
load; thus, no minimum was defined for those two conditions.

A considerable amount of data was recorded at maximum continuous power. A
comparison of NO, emissions for all three fuels is shown in Figure 64. A%l
three fuels displayed minimum NGX of approximately the same magnitude within
a rich zone eguivalence ratio rangs of 1.3 to 1.45.

Figure 64 also shows that minimum NOX was insensitive to the FBN inherent in
the RESID and the SRC-II fuels. Depicted somewhat differently in Figure 65,
the minimum NQX is almost the same for all three fuels. At rich zone
equivalence ratios away from the minimum, the NQX emission levels began to
vary significantly. This is shown more clearly in Figures 66 through 68,
which show NOX variations for differing amounts of 2-vinylpyridine addition.
The minimum NGX level remained near the 1.3 rich-zone equivalence ratioc and
was relatively insensitive to increases in FBN. However, as one moves away
from the minimum NOX the effect of pyridine additions is different. As
equivalence ratic is reduced from the value at minimum &Oxg increasing FBN
lowers the NGX emissions. Then as equivalence ratios are increased to
richer values than at minimum NOX, the pyridine FBN increases Naxﬁ
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Figure 63. - Minimum NOX response fo power level.

This phenomenon was observed for both the RESID and the SRC-II fuels. The
only pyridine addition to ERBS fuel during the performance testing was at 50%
load power (see Figure 69). At this point the rich zone equivalence ratio was
1.4 and the lean zone 0.60. This condition is a rich zone equivalence ratio
somewhat higher than the minimum NOx value for this fuel, and thus adding
pyridine FBN increased NOx emissions.

Parametric Testing

After performance testing the RQL combustor over the engine operating range
using all three fuels, a series of parametric tests was defined to evaluate
the sensitivity of the RQL combustor to a variety of operating parameters.
There were three parameters investigated: lean zone equivalence ratio, system
pressure drop, and system residence time. ERBS and RESID fuels were used and
the effects of FBN were investigated by adding varying amounts of 2-vinyl-
pyridine (C7H7N)@
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The majority of the parametric testing was done with the ERBS fuel. Each plot
in this section is NOX emissions in ppm by volume corrected to 15% oxygen.

Tne NOX was plotted against the abscissa parameter rich-zone equivalence
ratio. The parametrics on ERBS fuel will be presented first, then the RESID
fuel results.

The ERBS and RESID fuel parametrics were run for rich zone fuel-air ratios of
1.2 to 1.5 since for the performance testing the minimum NOX had resulted in
the 1.3 to 1.45 range. The coal-derived SRC-II fuel was not used in this ser-
jes of tests because the ERBS (a low FBN fuel) and RESID (a high FBN fuel,

FBN > 0.25) covered the range in FBN specified in the EPA emissions regula-
tions and together gave the widest diversity in overall properties. Through-
out the test series degradation in hardware occurred due to durability and
wear of variable geometry components, thus affecting accurate setting of zone
flow splits.

ERBS Fuel

The first parametric conducted on ERBS fuel was the variation in lean zone
equivalence ratio. The lean zone equivalence ratio variation was 0.50 to
0.65, Figure 70 shows NQX for four different lean-zone equivalence ratios
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Figure 69. - N conversion to NO, at 50% power--ERBS fuel.

having lines of constant FBN. In Figure 71 the same data are shown as plots
of constant FBN having lines of lean zone equivalence ratio. Fuel bound ni-
trogen levels run were 0.013 (ERBS only), 0.38, 0.55, and 0.72% by weight.
Most of the data taken were on the lean side of the minimum NOX point: thus,
minimum NOX could not be defined. Contrary to the performance testing at
max continuous power with RESID and SRC-II fuels, pyridine addition on the
lean side of minimum NOX resulted in NOX increases. Variation on the rich
side of minimum NOX was not obtained. Unburned hydrocarbon emissions, car=-
bon monoxide emissions, and smoke remained at the low levels recorded in the
performance testing with no discernible trends evident.

A set of data points documenting the effect on NOX of system pressure drop,
i.e., mixing, was taken next. The pressure drop variation was 6, 5, and 4%,

the lean zone eguivalence ratios were 0.50 and 0.60, and the FBN variation was
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from 0.013 to 0.72% by weight. Plots of these data are shown in Figures 72
through 75. Rich zone equivalence ratios again ranged from 1.2 to 1.5. The
data indicate that the minimum NOX equivalence ratio points moved inversely
with pressure drop. It must be remembered that all of these data were taken
at constant inlet conditions (air mass flow, pressure, temperature, and fuel
flow). As pressure drop decreased, the variable geometry systems were each
opened to rebalance the internal flow distribution. Thus, in addition to ori-
fice sizes changing, the shapes are also changing.

The final ERBS fuel parametric was an investigation of residence time. Resi-
dence time was reduced by increasing air and fuel flows, keeping the overall
fuel-air ratio the same. For these data points the variable geometry systems
were each adjusted so that the 6% pressure drop was maintained at each in-
crease in fuel and air. The residence time plots are presented in Figures 76
through 79 for three relative residence times, two lean-zone equivalence ra-
tios, and four levels of FBN. As with the pressure drop data, the rich-zone
equivalence ratio for minimum NOX varies with residence time, becoming more
fuel lean with decreasing residence time. Rich zone residence time, based on
combustor inlet conditions at maximum continuous power and a 1.35 rich zone
equivalence ratio, is 74.0 ms. Therefore, at the higher flows the residence
times would be 64.3 and 56.9 ms.

RESID Fuel

The balance of the parametric testing was conducted with the RESID fuel.
Figures 80 and 81 show NOx emissions for three levels of pressure drop: 6,

5, and 4%. The RESID fuel NOx data show the same characteristic as the ERBS
fuel NOx data. The minimum NOX point moves to leaner rich-zone equiva-

lence ratios and the minimum NOX level increases as pressure drop is reduced.
With the addition of two-vinyl pyridine, the rate of NOX conversion from FBN
appears to decrease, as does the absolute level of the NOX emissions. The

FBN content of the RESID fuel is 0.27% by weight so that the FBN content in-
herent in the fuel may influence the FBN conversion chemistry in the rich zone.
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Figure 78. - Residence time parametric study--FBN variation.
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Figure 81. - Pressure drop parametric study--FBN variation.
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The residence time RESID fuel parametric results are shown in Figures 82 and
83. Here again the reduced residence times shifted the minimum NOx points

to more lean rich-zone equivalence ratios as residence time was reduced. The
minimum NOX level appears to increase as residence time is reduced. For the
limited data at 0.50 and 0.60 lean zone eguivalence ratios, the effect of lean
zone equivalence ratio appeared to be of a secondary nature.

Corrected NOx emissions are shown in Figure 84 as a function of inlet air
temperature. The test point was maximum continuous power with a pressure drop
of 6%, rich-zone equivalence ratio of 1.35, and a lean zone equivalence ratio
of 0.60. The NOX increased 15 ppmv for a 58 K (104°F) increase in inlet air
temperature.

One additional check was made during the parametric testing: the effect of
fuel temperature on NOX, For all of the RESID fuel testing the fuel tem-
perature entering the combustor was 395 K (250°F). Corrected NOx at maximum
continuous power conditions (6% pressure drop, 1.50 rich zone eguivalence ra-
tio, 0.60 lean zone equivalence ratio), was 66 ppmv at the normal fuel temper-
ature [395 K (251°F)]. When the fuel temperature was reduced 28 K to 367 K
(200°F), the corrected N()x was 65 ppmv. Thus over the small fuel tempera-
ture range investigated, there was essentially no change in the NOX Tevel.

Variable Geometry Requirements for Engine Application

This section describes a critique of the RQL data to determine if the variable
geometry features of the RQL combustor are necessary for durable, efficient
and clean operation over the Model 570-K engine cycle. The RQL combustor with
its three variable geometry air entry locations provided an ideal test ve-
hicle to evaluate parametrically the performance of zone airflow distributions
and pressure loss levels. Although well suited for this program, considera-
tion must be given to the feasibility of a VG combustion system on full engine
application. In evaluating a VG combustion system one must keep in mind that:
design and fabrication processes usually are more complex; fabrication of VG
bands and actuation equipment must be held to extremely tight tolerances,
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particularly with combustor operation in the rich (¢ 21.0) regime; and en-
gine-to-engine and combustor-to-combustor variations are magnified by vari-
able-geometry operation as compared to a fixed-geometry design.

Minimum NOX enissions as a function of rich zone VG settings, across the
engine power range for two lean-zone equivalence ratios, are shown in Figures
85 and 86. These data indicate that while the magnitude of the minimum NOX
is relatively constant across the operating range, the open area (nozzle ef-
fective area) into the zone, required to achieve minimum NGX, decreases dra-
matically as power level is decreased. This is necessary to maintain the
proper rich equivalence ratio in the zone since engine flow factor and fuel

rate vary.

In general, examination of the RQL test results reveals ranges of lean- and
rich-zone equivalence ratios to assure proper combustor operation. These
characteristics are: 0.4<Tlean zone equivalence ratic < 0.65 for combustor
stability, starting and thermal NOX control, and 1.05 £ rich-zone eguiva-
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Figure 86. - Rich zone requirement for minimum NOX vs power level

lence ratio < 1.8 for durability, NOX control from FBN and carbon forma-
tion. Applying these constraints to an RQL combustor design it is possible to
analyze performance over the engine operating range.

A matrix of variable-geometry settings was selected to generate theoretical
operating lines for a fixed-geometry combustor. The geometry matrix selected
for evaluation included:

Rich-zone VG settings 30-40-50% open
Mixer VG settings 0-10-20% open
Dilution-zone VG settings 30-40-50-60% open

A calculation procedure, based on experimentally determined airflow maps, was
applied to these geometrical configurations which generated airflow splits,
equivalence ratios and pressure drop data for each VG combination (36 data
points) at five power levels.
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Figure 87 illustrates the planes defined by the 36 data points for each power
level in relation to lean-zone and rich-zone equivalence ratios. Limits for
acceptable combustor performance, described earlier, are shown on the plot and
thus define a range of optimized combustor operation. Specific VG setting
groupings, listed in Table XI, are plotted on Figure 87 to illustrate theore-
tical fixed geometry combustor operation.

Table XI.
Selected fixed geomeiry combustor configurations.

Geometry setting,

percent open Rich-zone Lean-zone Liner
Rich Lean Power equivalence equivalence pressure
zone Mixer zone Tevel ratio ratio drop--%
40 0 40 Idle 0.411 0.186 10.0
50% 0.944 0.429 7.7
70% 1.102 0.500 7.3
MC* 1.351 0.613 6.7
MR* 1.447 0.657 6.5
40 10 40 Idle 0.441 0.180 8.7
50 1.012 0.412 6.7
70 1.182 0.481 6.3
MC 1.448 0.590 5.9
MR 1.550 0.631 5.7
40 20 40 Idle 0.474 0.173 7.5
50 1.087 0.398 5.8
70 1.267 0.464 5.5
MC 1.551 0.568 5.1
MR 1.661 0.609 5.0
40 0 50 Idle 0.436 0.198 8.9
50 1.000 0.454 6.9
70 1.167 0.530 6.5
MC 1.429 0.649 6.0
MR 1.530 0.694 5.9
40 10 50 Idle 0.466 0.190 7.8
50 1.067 0.434 6.0
70 1.245 0.507 5.7
MC 1.524 0.621 5.3
MR 1.631 0.664 5.2
40 20 50 Idle 0.498 0.182 6.8
50 1.139 0.417 5.3
70 1.329 0.487 5.0
MC 1.625 0.596 4.7
MR 1.740 0.638 4.5
*MC = max continuous power
MR = max rated power
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It is apparent that no single fixed geometry configuration ideally satisfies
all the operational requirements. One configuration, designated on Figure 87
as a solid symbol, closely fits the requirements from 50% power to the maximum
continuous power condition; however, operation in the starting and idle regime
will be extremely inefficient, if not impossible. Therefore, predicated on the
above analysis of RQL test data, a fixed geometry combustor configuration ap-
pears to be inappropriate to meet all performance requirements over the engine
operating range.

RQL Combustor Technology Application to Gas Turbine Engines

The RQL combustor tested in this combustor program was designed with engine
application in mind. The wall cooling techniques incorporated intc the RQL
combustor were regenerative/convection, air film, and transpiration. The com-
bustor surfaces encliosing the hot combustion gases were fabricated from sheets
of high-temperature alloy steels. Haynes 188 alloy and Hastelloy X alloy were
used in the rich zone. Hastelloy X alloy was used in the mixer, and Inconel
601 alloy was used to fabricate the Lamilloy transpiration cocling material in
the lean and dilution zones. The performance of these materials and air cool-
ing schemes was commendable throughout the test program.

Details of the RQL combustor were designed for experimental testing and ease
of assembly, disassembly, modification, and repair if and when needed. To
allow for these reguirements, individual sections of the combustor were bolted
together at several flange splitlines. In this manner, sections of the com-
bustor could be easily removed for modification. An RQL combustor designed
specifically for engine use would incorporate the salient features of the test
rig combustor design, but the flanges would be replaced by welded seams, and
the bulk and weight of the rig combustor would be removed.

As discussed in the previous section, elimination of one or more variable-geo-
metry systems would be very desirable in any engine application. Additional
evaluations will be reguired before any of the variable-geometry systems can

be removed.



For the variable-geometry systems required in an engine combustor, further
development will be required to improve the durability of the moving parts.
Also, development to minimize leakage must be conducted. The application of
coatings or lubricants must be investigated to reduce the friction and wear of
the bands and the base metal. Actuating mechanisms must be compatible with
the engine control systems. The DDA Model 570-K industrial engine currently
uses a hydraulic actuating system to position several stages of variable-geo-
metry compressor vanes.

In any engine combustor design, allowances must be included for maintenance
and replacement of parts requiring frequent attention such as fuel nozzles,
ignitors, actuators, or, possibly, transition pieces. Ease of access to com-
ponents will greatly influence the design of rigid attachment points and slip
joints for thermal growth. The RQL rig combustor in this program used a slid-
ing joint between the fuel nozzle and the entrance section of the rich zone.
Removal of the fuel nozzle was relatively easy, requiring only the removal of
a circle of bolts, but air leakage past the sliding joint remains a problem
area.

Continuing development of the combustor, in Phase Il of this program, must
address to this and other combustor design areas.

RQL Combustor Installation intc a Gas Turbine Engine

Preliminary studies were conducted to investigate the installation of RQL com-
bustors in an existing gas turbine engine. Using the RQL combustor dimensions
and sizing, installation Tayout drawings were made. The removal of an exist-
ing combustor system and the insertion of RQL combustors is depicted in Figure
88, 1In this layout, a series of RQL combustors are splayed out over the com-
pressor at a 15-deg angle. Suitable housings would then cover the combustors,
creating an expanded combustor outer case. Access ports or sectors in the
case would be provided to give access to the individual cans and their asso-
ciated subsystems. Individual actuators are shown for each variable~-geometry
system on each of the combustor cans.
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In another installation, shown in Figure 89, the RQL combustor system is rep-
resented by a single large can positioned normal to the engine center line. A
single-can system offers many advantages to an industrial or utility gas tur-
bine installation. Cooling can be minimized because of the favorable surface-
to-volume ratio of a single can, or the combustor surfaces can be cooled to
lower temperatures for significant increases in combustor life. If variable
geometry is necessary, only one set of actuators would be needed. This wou id
eliminate the problems of air distribution balance and mechanical repeatabili-
ty of the multiple-can combustor. Fuel injection might be possible from a
single fuel nozzle, but a cluster of nozzles in the dome of the rich zone
could be more appropriate. The transfer of the hot combustor exhaust to the
turbine inlet requires some development, but DDA has considerable experience
with a similar distribution system in its IGT 404/505 industrial engine series.

RQL Combustor Impact on Other Engine Systems

The transliation of the RQL combustor technology into engine hardware affects
engine systems besides the combustion system. Any type of variable geometry
required by the RQL combustor will have a major impact on the engine control
system. Having variable geometry in the combustor requires sensing additional
parameters or applying currently measured parameters to provide the inputs to
a new set of logic for the adjustment of the variable-geometry systems and,
ultimately, the stoichiometry within the RQL combustor. Additional actuators
would also be required for the combustor over and above the other variable-
geometry actuators used in the engine, such as the compressor vane hydraulic
actuator.

For present engines not burning high viscosity fuels or fuels possessing high
levels of corrosive compounds from either wider specification or synthetic
fuels, the entire fuel system must be redeveloped for these types of fuels.
Engine start-up and shut-down present their own special probliems for the fuel
system, requiring additional auxiliary heating systems, new fuel purging sys-
tems, or dual fuel systems to solve these problems not previously encountered

with the historically better grades of gas turbine fuels.
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Air handling from the compressor diffuser to the combustor cans may also re-
quire development. Balancing of the compressor discharge air to each of the
outward-mounted combustor cans must be accomplished to maintain the carefully
controlled stoichiometry in the combustors. Additional pressure losses due to
the longer path the air must travel from the compressor to the combustor must
be considered as well as the thermal loss due to the larger combustor outer
case and its associated larger surface area.

Therefore, gas turbine application of the unique combustion technclogy demon-
strated with the RQL combustor will require a careful development program to
avoid detrimental effects to the satisfactory performance of today's indus-
trial and utility gas turbine engines.

CONCEPT II--PREHEAT RQL

The purpose of the Concept II--Preheat RQL combustor was to provide additional
heat energy to vaporize the RESID fuel in the event that the Concept I--RQL
combustor would not perform well on RESID fuel. The RQL combustor did not
show any difficulty with RESID fuel, thus the Preheat RQL combustor was not
tested.

As described in Section II--Combustor Designs, the Preheat RQL combustor com-
ponents were designed and fabricated (see Figure 20). Cold flow calibrations
of the preheat section of the combustor were conducted for both the air blast
fuel nozzle, Figure 90, and for the air assist fuel nozzle, Figure 91. These
flow maps were determined by assembling the hardware as shown in Figure 92.
The front half of the rich zone was removed from the RQL combustor. The pre-
heat hardware was then assembled and installed on the.rich zone at the Concept
I flange. A fuel nozzle was then installed in the end of the preheat-rich
zone assembly. This assembly was the RQL combustor rich-zone flow system as
it would have been run. The preburner air assist fuel nozzle was installed,
but no assist air was connected due to the very low flow involved.
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zone air system with air assist fuel nozzle.
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The adcition of the preburner air to the rich zone reduced the rich-zone equi-
valence ratios by approximately 35%. Thus for similar settings of the vari-
able geometry systems, an RQL combustor rich zone equivalence ratio of 2.5
would decrease to a 1.6 ratio for the preheat RQL combustor. Ample range was
still available to test the preheat RQL combustor at rich zone equivalence

ratios of interest.
CONCEPT III-=-LEAN/LEAN

The lean/lean combustor was the third combustor designed for this program and
the second combustor concept tested. This combustor was tested only on the
ERBS fuel, as control of FBN conversion was not intended. Using the vari-
able-geometry air blast nozzle, the combustor air distribution was selected to
vary the primary-zone eguivalence ratio from 0.6 to 0.7 at maximum continuous
power. The intermediate-zone variation ranged from 0.48 to 0.51, for the noz-

zle open to closed, respectively.
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Eleven data points were recorded for the lean/lean combustor: three at idie,
four at 50% load, two at 70% load, and two approaching maximum continuous.
Measured maximum combustor liner metal temperatures over 1370 K (2000°F) at
weld points prevented attaining design point fuel flow at the maximum continu-
ous power condition. No attempt was made to obtain data at maximum rated
power conditions.

A check of mechanical and chemical fuel-air ratios for each data point in Fig-
ure 93 shows that there was very good correlation between values at each data
point. The chemical fuel-air values were well within a 10% variability band
of the mechanically measured values. Therefore the exhaust gases concentra-
tions measured were representative of the proportions of each constituent in

the exhaust duct.
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Figure 93. - Chemical versus mechanical fuel-air ratios for performance data
of lean/lean combustor on ERBS fuel.

131



CO~ppmy @ 15% 02

Data plots for lean/lean combustor performance are given in Figures 94 and

95. The variable-geometry fuel nozzle, being the only variable-area device on
the lean/lean combustor, had inadequate range to maintain a desired primary
zone over the engine range for good combustion. Thus, at idle the CO and UHC
emissions were quite high and of nearly ecual concentrations, indicating that
much of the primary zone was not burning, and thus the combustion efficiencies
were quite low.

Performance of the lean/lean combustor above idle was good: CO, UHC, and

smoke, were all quite low. At the higher settings, CO emissions were in the
order of 30 ppm, and UHC emissions were in the range of 60 ppm. NOX

emissions were high beginning with the 50% load data points. With a NOX

goal of 90 ppm, the lean/lean combustor was only slightly below the goal at 50%
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Figure 94. - Lean/lean combustor performance on ERBS fuel.
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and 70% load. By the time the test terminated due to high indicated liner
metal temperatures, the NOX levels were already at 105 ppm and would pro-
bably have increased further until rated fuel fiow was reached.
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YI. CONCLUSIONS

A fuel-flexible, variable-geometry, air-staged, regenerative/convection- and
transpiration-cooled combustor has been designed and tested. This unique com-
bustor is denoted as a rich/quench/lean (RQL} combustor. The goal of this
combustor is to burn residual and synthetic fuels containing bound nitrogen
while meeting environmental standards.

The RQL combustor exhaust emissions results are summarized in Table XII. The
combustor produced emissions levels well below both maximum EPA Timits and
program goals when operating on each of the three base fuels: ERBS, RESID,
and SRC-II. Smoke levels were below a smoke number of 10 (one-half the pro-
gram goal) at all operating conditions. Carbon monoxide levels were below 100
ppm at idle and below 50 ppm at higher power conditions. Unburned hydrocarbon

emissions were less than 50 ppm at all conditions tested.

Nitrogen oxide emissions were significantly lower than the EPA maximum allow-
able level of 180 ppm at all conditions except at idle, where variable-geome-
try restrictions did not permit rich-zone equivalence ratios sufficiently
above unity to suppress the thermal NOxe At the optimum configuration for
minimum N0x9 the RQL combustor is essentially insensitive to the quantity of
FBN in the fuel. This was shown to be the case for the inherent FBN in each
fuel, which varied from almost zero to 0.88% by weight. The addition of pyri-
dine to the ERBS fuel, simulating FBN Tevels up to 0.72% by weight, produced
only small increases in exhaust NOX of approximately 15 ppm, thus demon-
strating the NGX suppression performance of the RQL combustor technology.

Parametric testing of the RQL combustor revealed the following variations of
NOX emissions at the rich-zone eguivalence ratios at which minimum NOX

occurred:

0o NOX varied in an inverse manner with changes in pressure drop
o NOX varied in a direct manner with changes in rich-zone residence time
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Table XII.

Program Summary.

Conditions: Rich/quench/lean (RQL) combustor

6% pressure drop

0.60 lean-zone equivalence ratio

Maximum continuous power conditions

FBN content, wt %

Max imum EPA NOxg ppm at 15% 02
Program NOx goal, ppm at 15% 02
Minimum NOX measured, ppm at 15% 02

Program smoke goal, SAE smoke number(SN)
Measured smoke, SAE SN

Program combustion efficiency goal, %
Demonstrated combustion efficiency, %

Rich-zone equivalence ratio at
minimum measured NOX

Measured CO, ppm at 15% O2
Measured unburned hydrocarbons,

ppm at 15% 02

Rich-zone maximum metal temperature, K

(F)
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Test fuels

ERBS Residual SRC=11
0.013 0.27 0.88
180 230 230

90 230 230

49 53 50

20 20 20

5 3 3

99 99 g9
99.9 99.9 99.9

1.25 1.40 1.35
22 25 25

24 7 6

1,015 1,170 1,110
(1,366) (1,644) (1,541)



For rich-zone equivalence ratios on the lean side of the NOX minimum, in-
creases in FBN tended to reduce the concentration of NOX in the exhaust.
For rich-zone equivalence ratios on the rich side of the NOX minimum, in-
creases in FBN tended to increase the NOX concentrations in the exhaust.

Even though the objective for this phase of the program was to demonstrate
only durability potential, the RQL combustor in actuality demonstrated excel-
lent hardware durability during the recording of 594 separate data points on
all three of the experimental fuels. Most of this testing was conducted at
maximum continuous {maximum base load) conditions. A1l three variable-geome-
try mechanisms (nozzle, mixer, and dilution) operated satisfactorily through
the entire testing program. Through variable-geometry actuation of the three
mechanisms, rich-zone equivalence ratios at maximum continuous power condi-
tions could be varied from 1.0 to 2.9 at reasonable pressure drops (4% to 7%).
Lean-zone equivalence ratios could also be varied from 0.4 to 1.0.
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APPENDIX

Summarized in this appendix are the performance and parametric test data from

the RQL combustor testing. Each data point requires three lines of descrip-

tion. The second line in each table is designated "A" table, the third line,

“BH table. Each line for a data point begins with its reading number on the

left. The comments below describe the parameters in the following tables.

Line 1

Reading number

Hardware

identification

Fuel type

Fuel, % H

Fuel, % N

Fuel, LHV

Fuel temp, °F

Simuiated engine
power condition

A six-digit year/month/day number followed by a three-
digit initial record number

A11 data are for Liner Concept I, the rich/quench/lean
(RQL) combustor. The fuel nozzle is the air blast
(AB) nozzle and is fundamentally unchanged

Fuels were used either singly or in combination:
A--ERBS middle distillate
B--RESID residual
C-=SRC=-II coal-derived liquid
P--two-vinyl pyridine for FBN simulation
Percent hydrogen content in fuel or fuel blend

Percent nitrogen content in fuel or fuel blend

Lower heating value of fuel or fuel blend (computed
by mass averaging)

Fuel temperature measured at the fuel inlet fitting
to the test rig

Model 570 steady-state conditions
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W NOZ, 1b/sec
{(if air assist)

TINLET, °F
PINLET, psia

W fuel P, 1b/sec

W air P, Tb/sec

W fuel S, 1b/sec

W air S, 1b/sec

Line 2 (A tables)

Reading number

Primary
equivalence ratio

Secondary
equivalence ratio

Overall
equivalence ratio

140

Fuel nozzle assist air flow (if air assist nozzle)

Combustor inlet total temperature
Combustor inlet total pressure

Fuel mass flow entering rich (primary) zone through
fuel nozzle

Air mass flow entering rich (primary) zone through
fuel nozzle

Fuel mass flow entering lean (secondary) zone (not
used in RQL combustor)

Air mass flow entering lean (secondary) zone through
rich zone plus mixer

Same as in line 1

Equivalence ratio in rich (primary) zone
(f/a)rz _}(f/a)st

Equivalence ratio in lean (secondary) zone
(*ﬁ’/a)]Z -%(f/a)st

Equivalence ratio for entire combustor
(F/a), +(f/a)g



Primary res.
time, ms

Secondary res.
time, ms

Primary ref.
velocity (ft/sec)

Secondary ref.
velocity (ft/sec)

Exit temperature,
°F

Rich (primary) zone residence time based on combustor
inlet conditions, rich zone reference velocity, and
rich zone volume and area

VOlp and A_ are volume and area of rich (primary)
zone determined from hardware

Lean {secondary) zone residence time based on combus=-
tor inlet conditions, lean zone reference velocity,
and lean zone volume and area

Rich (primary) zone velocity based on rich zone air
mass flow, inlet temperature and pressure, and aver=-
age rich-zone cross-sectional area

Ve'lp (ft/sec) =

Lean (secondary) zone velocity based on lean zone air
mass flow, inlet temperature and pressure, and aver-
age lean-zone cross-sectional area

Ve]s (ft/sec) =

Average reading of 26 combustor outlet temperature
thermocouples
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Exit pressure

Specific humidity

Combustor
delta P, psi

Liner
temperature, °F

CO, ppm
co

p» PPM

HC. pom

NOXE pom

NOXS ppmc

Line 3 (B tables)

Reading number

Average of two static pressures in combustor lean zone

Ratio of grams of water in inlet air per gram of dry
air, computed from

v
> Ma%r :
Mg (B - pv)
2
pv = vapor pressure of water in inlet air
B = barametric pressure

Measured pressure drop across combustor in psi

Max imum measured metal temperature of 33 combustor
Tiner thermocouples

Measured carbon monoxide in exhaust

Measured carbon dicxide in exhaust

Measured unburned hydrocarbons in exhaust (C.E base
as CH4)

Measured total nitrogen oxides in exhaust (NOX as
NOZ)

Total nitrogen oxides in exhaust corrected to 15%

02 and for inlet temperature, pressure, and humidi-
ty per EPA Reference Method 20

Same as in line 1



% N conversion

Combustion
efficiency, %

Smoke number

Pattern factor

FARR

Ratio of corrected NOX divided by NOX equivalent
of nitrogen in the fuel (not computed for % FBN less
than 0.014% or ERBS fuel)

% N conversicn =
o e X 100

where
NO, (ppmc) = corrected NO, as NO,
(f/a)o = gverall fuel/air ratio
% NF = percent nitrogen in fuel by weight
Mexh = molecular weight of exhaust gas, =
f (f/ao, H/C of fuel)
MNOZ = 46.008, molecular weight of NOXas N@Z

Percent combustion efficiency, computed from corrected
exhaust gas emissions (NOXs ca, CHX)S 5029 heat
release rate of fuel (Btu/lb-mole) based on C1 fuel
molecule

Smoke number per ARP 1179

Circumferential pattern factor of exhaust

Ratio of overall fuel-air ratio computed from exhaust
gas analysis to overall fuel-air ratio determined
from airflow and fuel flow measurements
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Desired
primary zone
eguivalence ratio

Desired
lean zone
eguivalence ratio

Rich (primary) zone equivalence ratio desired when
test point was recorded

Lean (secondary) zone egquivalence ratio desired when
test point was recorded
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